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1. INTRODUCTION

This report contains a detailed description of all iTOUGH2 commands. It complements the
“iITOUGH2 User's Guide’ [Finsterle, 1999a], and the collection of iTOUGH2 sample
problems [Finsterle, 1999c¢].

iTOUGH?2 is a program for parameter estimation, sensitivity analysis, and uncertainty
propagation analysis. It is based on the TOUGH2 simulator for non-isothermal multiphase
flow in fractured and porous media [Pruess, 1987, 1991a]. Extensive experience in using
TOUGH?2 is a prerequisite for using iTOUGH2. The preparation of an input file for TOUGH2
or its derivativesis described in separate manuals and is not part of this report.

The “iTOUGH2 User's Guide” [Finsterle, 1999a] summarizes the inverse modeling theory
pertaining to iTOUGH2, and describes the program output. Furthermore, information about
code architecture and installation are given. In Section 2 of this report, a brief summary of
inverse modeling theory is given to restate the main concepts implemented in iTOUGH2
and to provide certain definitions. Section 3 introduces the basic concepts of the iTOUGH2
input language and the main structure of an iTOUGH2 input file. Chapter 4, the main part of
this report, provides detailed descriptions of each iTOUGH2 command in alphabetical
order. It is complemented by a command index in Appendix B in which the commands are
given in logical order. The contents of Section 4 is also available on-line at http://www-
esd.Ibl.gov/iTOUGH2 (click on “Command Index”) or on UNIX instalations using
command i t 2hel p. Section 5 describes the usage of the UNIX script files for executing,
checking, and terminating iTOUGH2 simulations. Appendix A describes some features and
extensions of the TOUGH2 code as implemented in iTOUGHZ2.

A variety of inverse problems solved by iTOUGH2 are discussed in a collection of sample
problems [Finsterle, 1999c], which includes a tutorial example illustrating the main
features of iTOUGH2. Complete examples of iTOUGH2 input files are given along with
interpretations of the corresponding output files.

The key to a successful application of iTOUGH2 is (i) a good understanding of multiphase
flow processes, (ii) the ability to conceptualize the given flow and transport problem and to
develop a corresponding TOUGH2 model, (iii) detailed knowledge about the data used for
caibration, (iv) an understanding of parameter estimation theory and the correct
interpretation of inverse modeling results, (v) proficiency in using iTOUGH2 options. This
report addresses issue (v) only.
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2. ITOUGH2 SUMMARY DESCRIPTION

A comprehensive description of inverse modeling theory implemented in iTOUGH2 is
given in Finsterle [1999a]. The purpose of the summary description provided here is
mainly to introduce basic concepts and notations referred to in Section 4 of this report.

iTOUGHZ2 is a computer program that provides inverse modeling capabilities for the
TOUGH2 code. While the main purpose of iTOUGH?2 is to estimate model-related hydraulic
properties by calibrating TOUGH2 models to laboratory or field data, the information
obtained by evaluating parameter sensitivities can be used to scrutinize the design of an
experiment and to evaluate the uncertainty of model predictions.

iTOUGH?2 solves the inverse problem by automatic model calibration. All TOUGH2 input
parameters can be considered unknown or uncertain. The parameters are estimated based
on any type of observation for which a corresponding TOUGH2 output is available,
including prior information about the parameters to be estimated. A number of different
objective functions and minimization algorithms are available. One of the key features of
iTOUGH2 is its extensive error analysis, which provides statistical information about
residuals, estimation uncertainties, and the ability to discriminate among model
alternatives. The impact of parameter uncertainties on model predictions can be studied by
means of linear uncertainty propagation analysis or Monte Carlo simulations.

The key elements of an inverse modeling code are (1) a simulation program to model flow
and transport in the hydrogeologic system (“forward modeling”), (2) the objective function
which measures the misfit between the model output and the data, (3) the minimization
algorithm which reduces the objective function by automatically updating parameter
values, and (4) the error analysis which allows one to judge the quality of the estimates.

iTOUGH?2 estimates elements of a parameter vector p based on observations summarized
in vector z* by minimizing an objective function S which is a function of the residua
vector r(p).

Vector p of length n contains the parameters to be estimated by inverse modeling, or the
parameters considered uncertain for uncertainty propagation analysis.

Parameter vector: P =[P, P2sre-es Pp] (Eq. 1)

In the simplest case, the parameters p; to be estimated are identical with certain TOUGH2
input parameters. For example, p; is the porosity of a certain rock type, and p, is a
parameter of the capillary pressure function. Other potential parameters include initial and
boundary conditions, or geometrical features (such as fracture spacing). iTOUGH2 aso
allows one to estimate a single parameter that will be assigned to multiple TOUGH2 input
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variables, i.e., p; can represent more than one TOUGH2 variable. Moreover, user-specified
parameters can be programmed into iTOUGH2.

Simple parameter transformations can be employed to make the inverse problem more
linear or to change the distributional assumption about the parameter. For example, the log-
normal character of permeability suggests estimating the logarithm of permeability rather
than permesability itself. While the transformation does not change the best estimate
parameter set, it makes the detection of the corresponding minimum of the objective
function more robust. Different results are obtained, however, when prior information is
incorporated or when uncertainty propagation analyses are performed. In these cases a prior
standard deviation must be given which represents either a normal or log-normal
distribution, respectively.

Table 1 shows the parameter transformations available in iTOUGH2. Here, X is one or
more TOUGH2 input variables (with initial guess X;), and p isthe parameter estimated by
iTOUGH?2. It isimportant to realize that the standard deviation, parameter variation, accept-
able parameter range, and the starting point for the optimization refer to p (i.e., notto X).

Table 1. Parameter Transformations

Xop p- X iTOUGH2 command
p=X X=p >>>> VALUE
p=10g;o(X) X =10P >>>> L OGARI THM
p=X/Xg X=pXg >>>> FACTOR
p=10g;0(X/Xq) X =10P X, >>>> LOG F)

Vector z of length m contains dependent, observable variables, usualy related to
measurements taken at discrete points in space x and time t. Such a selected point in
space and time, z; (X;,t,), will be referred to as a calibration point. Elements of z refer
to both measured quantities (data)—indicated by an asterisk (*)—and simulation results.
The most commonly used observations for calibration are pressure, flow rate, temperature
and concentration measurements.

Observation vector: z' :z(xj,tk)T =[z4,...,2Z4,Zp41s--- Zipy) (Eg. 2

The vector of observable variables may also contain measured parameter values. For
example, if permeability has been measured on cores in the laboratory, this information can
be considered as an additiona data point, and treated along with the direct observations of
the system response. Such measured parameter values are referred to as “prior
information.” Thefirst n elementsof z aretherefore identical to the variablesof p.
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Theresidual vector r contains the differences between the measured and calculated system
response; the latter is afunction of parameter vector p:

Residual vector:  rT =(z*=z(p))" =[ry,.... s Trstse s ] (Eq. 3)

For example, element r;(i >n) is the difference between the measured and calculated
pressure at a certain point in space and time. A special type of residua (for i <n) isthe
difference between the measured parameter p; * (prior information, if available) and the
estimated parameter value.

The elements of vectors z and r may have different physical meanings with different units
of measurement, and represent observations of different accuracy. The inverse of the
covariance matrix of z can be used as a scaling matrix. If taking the view of maximum
likelihood estimation, the covariance matrix is part of the stochastic moded, i.e., it
represents the distributional assumption about the final residuals. In the absence of
modeling errors, the residuals are equal to the measurement errors, and therefore the
covariance matrix is often based on the error structure of the data. A reasonable assumption
about the measurement errorsis that they are aresult of many individual error sources, and
are thus uncorrelated, normally distributed random variables with zero mean. The
distributional assumption can therefore be summarized in a covariance matrix Cx, whrch
isan mxm diagonal matrix. The i-th diagonal element of matrix C,, is the variance 0'

representing the uncertainty of the final residua (or measurement error) of observation z;:

B2 0 0 0 o0
0 ) 0
n0 o 0 O 0
0 2 0
c,=0° 9 “n 02 05 (Eq. 4)
DZ . . . O
0 - 0
HO 0 0 © o2\

The first n diagona elements are the variances of the prior information vector p*,
followed by m-n variances of the observed system state. Note that only the relative
magnitude of the elements of C, |anuence£ the values of the estimated parameters. We
therefore introduce a dimensi onI&ss factor ao , which is termed the prior error variance,
and apositive definite matrix V,,, where V 1 will be used as aweighting matrix:

C,=0cV, (Eg. 5)
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While of can assume any positive number, it is convenient to set o3 = 1, i.e, the
weighting matrix is the inverse of the covariance matrix.

After the inversion, the a posteriori or estimated error variance sg is calculated (see Eq.
10 below). If the preconception about the final residuals is correct, and if the true system
response isidentified, the ratio sg / o should not significantly deviate from 1.0.

The objective function S is a measure of the misfit between the data and the model
calculation. If theresiduals (z* —z) are normally distributed with mean E[(z* —z)] =0 and
covariance matrix E[(z* -z)(z*-z)"]=C 5, maximum-likelihood theory yields the
weighted |east-squares objective function:

2
'—2 (Ea. 6)
O

S=(z* —z)T ngl(z* -2Z) = rTcgzlr =

M s

!
[uY

Alternative objective functions are available in iTOUGH?2 (see Finsterle [19994]). The best
estimate parameter set minimizes the objective function (Eq. 6). Minimization of the
objective function S is based on local linearization (see Levenberg-Marquardt algorithm
below). The partial derivatives of the calculated system response with respect to the
parameters are summarized in the Jacobian matrix J of dimensions mxn, the el ements of
which are defined as follows:

or; 0z,
‘]i. =___1 =77 E . 7
j D, M, (Eg. 7)

iTOUGH2 calculates J numerically by means of either forward or centered finite
differences. The Jacobian is also important in the a posteriori, linear error analysis as well
as the uncertainty propagation analysis.

While iTOUGH2 offers a number of different minimization algorithms, the Levenberg-
Marquardt modification of the Gauss-Newton algorithm is found to be a rather general and
robust procedure for iteratively updating parameter vector p [Levenberg, 1944;
Marquardt, 1963]. It can be described as shown in Table 2. If A islarge, the first term on
the right-hand side of Eg. (8) becomes a matrix with a dominant diagonal. This leads to a
small step along the gradient of S. Stepping along the steepest descent direction is robust,
but inefficient. The Levenberg parameter A is decreased after each successful step. With
decreasing A, the parameter update Ap (Eg. 9) converges to the one proposed by the
Gauss-Newton algorithm with its quadratic convergence rate.
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Table 2. Levenberg-Marquardt Minimization Algorithm

Step 1: Initidization:
- Set iteration index k =0.
- Define initial Levenberg parameter (default: Ay =107%).
- Define Marquardt parameter (default: v =10).
- Defineinitial parameter set py—g = Pg-
Step 2: Run simulation model with parameter vector p, .
Step 3: Evauate r(py), S(py),and J(py) -

- 1.1
Step 4: Calculate parameter update: Ap =(JICZ§JK +Akay JrChr, (Eq. 8)
where Dy isan nxn matrix with elements Dj; =(JxC7Jx) i, j =L....n.

Step 5:  Update parameter vector: pyy =P +Apy - (Eg. 9
Step 6:  Perform simulation and evaluate S(py.41) -

Step 7: If S(Py+1) <S(p) multiply A by factor 1/v and go to Step 8.
If S(py+1) > S(p) multiply A by factor v and go to Step 4.

Step 8: Evaluate convergence criteria.
If converged, goto Step 9, elseset k =k +1 and go to Step 2.

Step 9: Minimum identified. Proceed with residual and uncertainty analysis.

One of the key advantages of a formalized approach to parameter estimation is the
possibility to perform an extensive a posteriori error anaysis. First, the residua anaysis
provides some measure of the overall goodness-of-fit and alows identification of
systematic errors or flaws in the stochastic model. Next we can determine the uncertainty
of the estimated parameters. Note that a good match does not necessarily mean that the
estimates are reasonable. They may be highly uncertain due to alack of sensitivity or high
parameter correlations, which is an indication that the inverse problem is over-
parameterized. The covariance matrix of the estimated parameters can be further analyzed
to obtain correlation coefficients, indicating parameter combinations that lead to similar
matches, etc. Finally, we can calculate the uncertainty of the simulation results, which also
allows usto identify potential outliersin the data.

The estimated error variance sg represents the variance of the weighted residuals and is
thus a measure of goodness-of-fit:
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(Eg. 10)

Note that if the residuals are consistent with the distributional assumption about the
measurement errors (i.e., matrix C,,), then the estimated error variance assumes a value
close to 05 . Next we calculate the expected value and the covariance matrix C ,, of the
estimated parameters. Based on the linearity assumption it is easy to show that the expected
value of the estimated parameter is equal to the parameter itself. The definition of the
covariance matrix yields:

Y P S

Cop =% (J szJy (Eq. 11)
The interpretation of the covariance matrix C ,, provides the key criteria to evaluate the
inverse modeling results.

This concludes the summary description of iTOUGH2. Again, more details about inverse

modeling theory, objective functions, minimization algorithms, and the residua and error
analysis can be found in Finsterle [19994].
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3. BASIC CONCEPTS

3.1 Formatsof iTOUGH2 Input Files

The user must provide at least two input files to run iTOUGH2. The first oneis a TOUGH2
input file in standard TOUGH2 format as described in Pruess [1987, 1991a] and Falta et al.
[1995], as well as other publications pertaining to particular TOUGH2 modules and code
enhancements (e.g., Pruess [1991b], Finsterle et al. [1994], Moridis and Pruess [1995]).
Thisinput file defines the conceptual model. It solves the forward problem and should run
successfully using standard TOUGH2 not only for the initial parameter set, but also for a
wide range of potential parameter combinations.

The second input file is the iTOUGH2 input file, in which the user specifies the parameters
to be estimated, the observations used for calibration, and various program options (see
Section 3.3). A special command interpreter has been developed to read the iTOUGH2
input file. The basic concept of the iTOUGH2 input language is discussed in Section 3.2.
A detailed description of each iTOUGH2 command is given in Chapter 4.

3.2 Basic Conceptsof iTOUGH2 Input Language

Execution of iTOUGH2 is controlled by means of a high-level input language. The
commands are hierarchically structured, i.e., each command has a parent command on a
higher command level, and potentially one or more child commands on a lower command
level. The command level isidentified by the corresponding number of ">" markers (e.g.,
">>>" to enter command level three). Each command level must be terminated by
reversed markers (e.g., "<<<" to quit command level three and return to level two). The
position of the command level marker on alineisirrelevant.

A line without a command level marker is considered a comment and is skipped, unless it
contains data requested by a previous command. Entire sections of the input file may be
commented out by marking the first and last line with slash-star (/ *) and star-slash (*/),
respectively. All lines between these two marks are not interpreted even if they contain
command level markers. The number sign (#) in the first column comments out the
respective line. The double-slash (/ /') tellsiTOUGHZ2 to ignore everything that follows the
slashes until the end of the line.

On the line containing a command level marker, acommand is expected which is unique to
the corresponding command level and the associated parent command. A command can be
complemented by optional keywords. Additional text present on the command line is
ignored. Commands and keywords are case-insensitive. The position of the command and
keywords on a command line is arbitrary. Many commands request additional numerical or
alphanumeric input. This input can be provided anywhere on the command line, but must
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immediately follow a colon (: ). Input may consist of one or more integers, real numbers,
or strings. Input belonging to the same command can be continued on following lines by
using the “&” character. Each line of the input fileis processed word by word, the delimiter
being one or more spaces. All numerical dataare read in free format. Long lists of data start
one line after the command line. Data lists will be read until a FORTRAN reading error
OCCUrS.

Command LI ST can be used on any command level to obtain a list of acceptable com-
mands on the current command level. The keyword HELP or MANUAL can be used on
any command line to print a short tutorial of the corresponding command to the output file.

In general, subcommands of the same parent command can be provided in arbitrary order.
A few exceptions apply; they are clearly identified when using an incorrect order.

Examples:

Command-level marker command keyword keyword
! l ! l
>> nunber of points in TIME : 100 , EQUALLY spaced in M NUTES

T
colon data

command-level input continues
marker colon followed by alphanumeric input on next line
l l l
>>> CONNECTION: AA 1 BB_1 AA 2BB 2 AA 3 BB 3 &

1 CC 60 CC61 + 8 (print MANUAL page to output)
command T 1
keyword data keyword

3.3 Main Structureof iTOUGH2 I nput

There are three main blocks in the iTOUGH2 input file, identified by one of the following
first-level commands:

> PARAMETER
> OBSERVATI ON
> COVPUTATI ON

The first block (first-level command > PARAMETER) is used to identify those TOUGH2
input parameters that will be subjected to parameter estimation, sensitivity analysis, or
uncertainty propagation analysis. A series of subcommands ensure a unique identification
of the parameter by providing its type (second-level commands), and the domain it is refer-
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ring to (third-level commands). The fourth-level commands are used to provide further
specifications aong with statistical details about the parameter.

The second block (first-level command > OBSERVATI ON) is used to identify those
TOUGH2 output variables that will be compared to observed data for model calibration.
Furthermore, the points in time at which calibration should occur are also specified in this
block. An observable variable isidentified by its type (second-level command), its location
(third-level command), as well as more detailed specifications if necessary (fourth-level
commands). The measured data to which the calculated system response is compared to is
also provided through afourth-level command.

The third block (first-level command > COVPUTATI ON) is used for various program
options and computational parameters. It deals with convergence criteria, the numerical
calculation of the Jacobian matrix, statistical parameters for the error analysis, and output
options. Most important, the application mode of iTOUGH2 (parameter estimation, sensi-
tivity analysis, uncertainty propagation analysis) can be selected along with a number of
additional features.

Figure 1 depicts the main structure of an iTOUGHZ input file in a generic way. A list of
available subcommands can be found in Appendix B, and a detailed description of each
iTOUGH2 command is given in Section 4.

> PARAMETER
>> specify paraneter type
>>> specify paraneter domain
>>>> provide details
<K<
<<
<<

> OBSERVATI ON
>> specify calibration points in TIME
>> specify observation type
>>> specify | ocation
>>>> provide details
>>>> provi de data
<<
<<
<<

> COVPUTATI ON
>> specify various program OPTI ONS
>> specify CONVERGEnce criteria
>> specify paraneters for cal cul ati ng JACOBI AN nmatri x
>> specify paraneters for ERROR anal ysis
>> specify OUTPUT fornmats
<<

Figure1l. Main structure of iTOUGH2Z input.
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4. iTOUGH2 COMMANDS

A detailed description of each iTOUGH2 command is given below. The description includes
the command syntax, the name of the parent command, the name of subcommands (if
applicable), as well as the purpose and effect of the command. Theoretical background is
provided where necessary. Furthermore, an illustrative exampleis given for each command.

In general, the command syntax includes the command-level marker, the command name as
identified by iTOUGH2, input variables (in i tal i cs), and optional keywords or variables
(in parentheses). Alternatives are separated by aslash (/).

Example:
Command-level integer optional
marker  variable variable

l ! l
>>> TIME : ntime (EQUAL/LOGARITHM C) (tine_unit)

1 1 1
command optional,alternative keywords

In this command reference, the commands are given in aphabetic order. Note that the name
of a command is not always unique, in which case the command level and the parent
command can be used for identification. If reference is made to a command with a non-unique
command name, the first character of the parent command (or the corresponding first-level
command) is indicated in parentheses (e.g., >>> FORWARD (c) refersto the command in
block >> CONVERCE, whereas >>> FORWARD (j) refers to the command in block
>> JACOBI AN).

iTOUGH2 commands can be written in lower or upper case. In this manual, the commands and
keywords are always typed in upper case for easy identification. Therefore, the lower case
words on the command line are comments that will be ignored by the iTOUGH2 command
interpreter.

The examples given for each command usualy illustrate the basic usage of a command. In
many cases, however, extended features and advanced applications are provided to
demonstrate the use of a command in combination with other commands. The examples are
not complete and can therefore not be run separately. Furthermore, they may have to be
modified to avoid warning messages.

The command description can also be accessed on-line at http://www-esd.|bl.gov/iTOUGH?2
(click on Command | ndex) or (for UNIX installations) by typing i t 2hel p, which is the
name of the UNIX script file it2help.
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Command
>> ABSCLUTE

Parent Command
> PARAMETER

Subcommand
>>> NMATERI AL

Description

This command selects as a parameter the absol ute permeability (TOUGH2 variable

PER( | SOT, NVAT) ) of the specified material.

Subcommand >>>> LOGARI THM invokes estimation of asinglelog-value whichis
assigned to all selected materials; subcommand >>>> FACTOR invokes estimation of a
common multiplication factor which is applied to all selected permeabilities, thus maintaining
the permeability ratios between the materials, subcommand >>>> LOGF) should be used
to estimate alog-normally distributed factor with which all the permeabilities are multiplied.
By default, the estimate refers to al three flow directions (I SOT=1, 2, 3). Subcommand
>>>> | NDEX can be used to select the permeability of a specific flow direction | SOT.

Example
> PARAMETER
>> ABSCOLUTE perneability
>>> MATERI AL: BOREH SKIN_
>>>> |LOGARI THMV
<KL
>>> MATERI AL: SAND1 SAND2
>>>> FACTOR
>>>> |NDEX: 1 2 (horizontal perneability)
<L
>>> MATERI AL: SAND1 SAND2
>>>> FACTOR
>>>> | NDEX: 3 (vertical perneability)
<<<<
<<
<<

See Also
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Command
>>>> ABSOLUTE

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description
This command takes the absolute value of the calculated system response as the model output
to be compared to the observed data.

Example
> OBSERVATI ON
>> CAPI LLARY PRESSURE
>>> ELEMENT: ELMB9
>>>> t ake ABSCLUTE val ue and conpare to ...

>>>> ... positive DATA stored on FILE: pcap. dat
>>>> the RELATIVE error is: 5 %
<L
<
<<
See Also
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Command
>>> ADJUST

Parent Command
>> CONVERGE

Subcommand

Description

Theinitial time step sizeis provided through TOUGH2 variable DELTEN or DLT(1),
usually followed by automatic time stepping (see TOUGH2 variables MOP( 16) and
REDLT). Theinitial time step may betoo big (i.e., isautomatically reduced by TOUGH?2) or
too small (i.e., convergence is achieved within one Newton-Raphson iteration), depending on
the parameter set supplied by iTOUGH2 during an inversion. This command allowsiTOUGH2
to automatically adjust the initial time step size so that convergence is achieved within more
than 1 but lessthan MOP( 16) Newton-Raphson iterations. Automatic time step adjustment
may improve the speed of an inversion, but may also make the inversion unstable if time
discretization errors are significant.

Example
> COVPUTATI ON
>> CONVERGE
>>> automatically ADJUST initial time step
(TOUGH2 vari abl e DELTEN)
<<<
<<

See Also
>>> CONSECUTI VE, >>> REDUCTI ON
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Command
>>> ALPHA: al pha (%

Parent Command
>> ERROR

Subcommand

Description

alphaisaprobability used for avariety of statistical tests within iTOUGH2. The choice of
alpha does not affect the estimated parameter set, but alpha is used in the residual analysis,
the Fisher model test, the analysis of the resulting distribution when performing Monte Carlo
simulations, and the width of the error band when performing FOSM uncertainty propagation
analysis. alpha isexpected to assume values between 0.001 and 0.200 (default: 0.01).
Instead of therisk a, one can also provide the confidence level (1- a), in which case alpha
assumes values between 0.8 and 0.999.

Use keyword % if alphaisgiven in percent.

Example
> COVPUTATI ON
>> STOP
>>> nunber of TOUGH2 SI MULATI ONS: 200
<<
>> ERROR propagation anal ysis
>>> MONTE CARLO simul ati ons
>>> print quantile for risk ALPHA =2 5.0 %
<

<<

See Also
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Command
>>> ANDREWS: C

Parent Command
>> OPTI ON

Subcommand

Description

This command selects arobust estimator named Andrews. Given this estimator, the objective
function to be minimized is the sum of the cosine functions ) (y;) , where y; isthe weighted
residual:

m
S=5 v(vi)
i=1
where
-cos(y; /c)|y; [gcr
y(yi) = ' !
2 |y Pem
with ¥ :—g—
|

This objective function does not correspond to a standard probability density function. It has
the general characteristic that the weight given individual residuals first increases with
deviation, then decreases to reduce the impact of outliers. The parameter ¢ indicates the
deviation at which residuals are considered to be outliers. If the measurement errors happen
to be close to anormal distribution with standard deviation o; , then the optimal value for the
constant c isc=2.1.

Note that this objective function is minimized using the standard L evenberg-Marquardt
algorithm, which is designed for a quadratic objective function. Since (1- cos) can be
reasonably well approximated by a quadratic function for small vy, , the Levenberg-Marquaradt
algorithm is usually quite efficient.

Example
> COVPUTATI ON
>> OPTI ON

>>> use robust estimator ANDREWS with a constant ¢ : 1.5
<KL

<<

See Also
>>> CAUCHY, >>> L1-ESTI MATOR, >>> LEAST- SQUARES,
>>> QUADRATI C- LI NEAR
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Command
>>> ANNEAL

Parent Command
>> OPTI ON

Subcommand

>>>> | TERATI ON
>>>> SCHEDULE
>>>> STEP

>>>> TEMPERATURE

Description
This command invokes Simulated Annealing to minimize the objective function S.
The following steps are performed by iTOUGH2, controlled by a number of fourth-level

commands:

(1) Definethe range of possible parameter values using command >>>> RANGE in block
> PARAMVETER

(2) Defineaninitia value of the control parameter 7 using command
>>>> TEMPERATURE.

(3) iTOUGH2 generates random perturbations Ap of the parameter vector p. The
probability density function of the perturbation is either Gaussian or uniform; theinitial
standard deviations of these distributions are given by command >>>> DEVI ATI ON
(p).

(4) The objective function S(py1) for the new parameter set py,1 = py +Ap isevaluated.

(5) If the objective function is decreased (i.e., AS = S(p+1) — S(pk) < 0), the changeis
retained. If the objective function isincreased (i.e., AS > 0), the perturbation is
accepted with probability N = exp(-AS/1).

(6) After asufficient number of perturbations have been accepted (see command
>>>> STEP (a)), 17 islowered according to the annealing schedule (see command
>>>> SCHEDULE).

(7) Steps (3) through (6) are repeated until the maximum number of temperature reductions

(seecommand >>>> TRI AL (a)) isreached.

This scheme of aways taking a downhill step and sometimes taking an uphill step with
probability I depending on 7 isknown as the Metropolis agorithm.

Simulated Annealing may be especially useful for the minimization of a discontinuous cost
function in order to optimize operationa parameters.
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Example
> PARAMETER
>> punpi ng RATE
>>> S| NK: EXT_ 1
>>>> RANGE: -1E-1 -1E-4
>>>> LOGARI THM
<<<<
<<<
<<

> COVPUTATI ON
>> TIME: 1 [ YEARS]
2.0

>> USER specified cost function: Extraction cost
>>> S| NK: EXT 1
>>>> NO DATA
>>>> \WEI GHT (=specific costs): 1.0
<<<<
<<<
<<

> COVPUTATI ON
>> OPTI ON
>>> a cost function is mnimzed using L1-ESTI MATOR
>>> perform m nim zation using Simulated ANNEALI ng
>>>> TEMPERATURE : -0.05 (i.e., 5%of initial cost)
>>>> update after maxi mum: 100 STEPS
>>>> anneal i ng SCHEDULE: 0. 95
>>>> Si nmul at ed Anneal i ng | TERATI ONS: 50
<<<<
<<<
<<

See Also

>>> GAUSS- NEWTQN, >>> GRI D SEARCH, >>> LEVENBERG MARQUARDT,
>>> S| MPLEX, >>>> | TERATION (a), >>>> SCHEDULE

>>>> STEP (a), >>>> TEMPERATURE
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Command
>>>> ANNOTATI ON: anno

Parent Command
any third-level command in blocks > PARAMETER and > OBSERVATI ON

Subcommand

Description

A fifteen-character string anno can be provided to label parameters and observationsin the
iTOUGHZ output file. The annotation does not have any function except for making the
iTOUGH?2 output more readable (exceptions are the user-specified functions; see commands
>> USER ( p, 0). If noannotation is provided, iTOUGHZ internally generates a string,
which allows unique identification of the parameter or observation, respectively. The
internally generated annotation can be used to check the correctness of the iTOUGH2 input.

Example
> PARAMETER
>> van Genuchten’s CAPI LLARY pressure function
>>> ROCK TYPE : MATRI
>>>> ANNOTATI ON : AR ENTRY PRESSURE
>>>> PARAMETER no. D2
<<<<
>>> ROCK TYPE . FRAC1
>>>> PARAMETER no. D2
<KL
<<
<<

> OBSERVATI ON
>> CONCENTRATI ON of COVPONENT No.: 3 in PHASE No.: 2
>>> ELEMENT: ELMLO
>>>> NO DATA
<<<<
<<<
<<

In the iTOUGH2 output file, the first parameter isreferredtoas "Al R ENTRY PRESS".
The annotation internally generated for the second parameter reads "CAP. PR. 2 FRAC1",
where"2" indicates that the second parameter of the capillary pressure ("CAP. PR. ) function
referring to rock type "FRACL" is estimated.

The automatically generated annotation for the observation reads "CONC. ( 3, 2) ELMLO".

See Also
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Command
>>>> AUTO

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

This command provides automatic weighting of observations. The standard deviation
calculated by iTOUGH2 is 10 % of the mean of the observed values for agiven dataset. Itis
suggested, however, that the assumed measurement error or expected standard deviation of
the final residuals be explicitly provided using command >>>> DEVI ATI ON (0) .

Example
> OBSERVATI ON
>> PRESSURE
>>> ELEMENT: BH O
>>>> AUTOmati ¢ wei ghting
>>>> DATA are on FILE: pres. dat
<<<<
<<<
<<

See Also
>>>> DEVI ATI ON (0)
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Command

>>>> AVERAGE (VOLUME)
or

>>>> MEAN ( VOLUME)

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

If multiple elements or connections are provided to indicate the location of a measurement
point, iTOUGH?2 takes the average of all calculated values as the model output to be compared
to thedata. The user must ensure that the averaging of the quantity is meaningful. If keyword
VOLUME is present on the command line, the calculated values are weighted by the grid
block volume.

Example
> OBSERVATI ON
>> GAS CONTENT
>>> ELEMENTS: A1 1 A1 2 A1l 3 Al 4Bl 1Bl 2 &
Cl_ 1Cl 2ClL _3Cl1L _4D1L 1 +3
>>>> ANNOTATI ON. Ave. Gas Cont ent
>>>> Take VOLUVE AVERAGE
>>>> NO DATA
<<
<<<
<<

See Also
>>>> SUM
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Command
>>> BENCHVARK

Parent Command
>> OUTPUT

Subcommand

Description

A short benchmark calculation is performed, and the CPU time used is compared to that on a
reference machine, and a printout is generated with information about approximate relative
computer performance.

Example
> COVPUTATI ON
>> OUTPUT

>>> perform BENCHVARK cal cul ation
<<<

On output:
Conmputer is faster than a SUN ULTRAL by a factor of: 2.1

See Also
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Command
>> BOTTOVHOLE PRESSURE

Parent Command
> PARAMETER

Subcommand
>>> SOURCE

Description

This command selects as a parameter the bottomhol e pressure for wells on deliverability
(TOUGH2 variable EX). This parameter refersto a sink/source code name. The generation
type must be DELV.

Example
> PARAMETER
>> BOTTOVHOLE PRESSURE in well of deliverability
>>> SINK: WEL_1 + 5
>>>> ANNOTATI ON: wel I b. pres. Pwb
>>>> estimate VALUE
>>>> RANGE . 0.5E5 5.0E5 [Pa]
<<<<
<<<
<<

See Also
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Command
>>>> BOUND: | ower upper

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description
(synonym for command >>>> RANGE)

Example
(see command >>>> RANGCE)

See Also
>>>> RANGE
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Command
>> CAPACI TY

Parent Command
> PARAMETER

Subcommand
>>> NMATERI AL

Description
This command selects as a parameter the rock grain specific heat (TOUGH2 variable
SPHT( NVAT) ).

Example
> PARAMETER
>> heat CAPACI TY
>>> ROCK type ;. GRANI
>>>> VALUE
>>>> RANGE : 600.0 3000.0 [J/kg/(C]
<<<<
<<<
<<

See Also
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Command
>> CAPI LLARY

Parent Command
> PARAMETER

Subcommand
>>> DEFAULT
>>> MATERI AL

Description

This command selects a parameter of the capillary pressure function (TOUGH2 variable
CP( | PAR, N\VAT) ) of acertain rock type, or a parameter of the default capillary pressure
function (TOUGH2 variable CPD( | PAR) ). Use command >>>> | NDEX to select the
parameter index | PAR. The physical meaning of the parameter depends on the type of
capillary pressure function selected in the TOUGH2 input file, variable 1 CP and | CPD,
respectively. The admissible range should be specified explicitly to comply with parameter
restrictions (see Pruess [1987], Appendix B).

Example
> PARAMETER
>> parameter of CAPILLARY pressure function
>>> DEFAULT
>>>> ANNOTATI ON . Slr
>>>> | NDEX CPD(: 2)
>>>> VALUE
>>>> RANGE : 0.01 0.99
<<<<
>>> MATERI AL: SAND1 SAND2
>>>> ANNOTATI ON . vG al pha [ Pa™-1]
>>>> | NDEX no. 3
>>>> LOGARI THM
>>>> RANGE : -5.0-1.0
<<<<
<<<
<<
See Also
>> RELATI VE
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Command
>>> CAUCHY

Parent Command
>> OPTI ON

Subcommand

Description
This command selects an objective function that corresponds to a Cauchy or Lorentzian
distribution, i.e., the probability density function of the residuals reads:

by ~—

e

This distribution exhibits more extensive tails compared to the normal distribution, and leads
therefore to a more robust estimation if outliers are present. The objective function to be
minimized is given by the following equation:

m
_ 1.2
S= ileogEH SV @

with

This objective function can be minimized using the standard L evenberg-Marquardt algorithm,
which is designed for a quadratic objective function. The objective function can be
reasonably well approximated by a quadratic function, so that the L evenberg-Marquardt
algorithm is usually quite efficient.

Example
> COWVPUTATI ON
>> OPTI ON
>>> measurenent errors foll ow CAUCHY distribution
<<
<<

See Also
>>> ANDREWS, >>> L1- ESTI MATOR, >>> LEAST- SQUARES,
>>> QUADRATI C- LI NEAR
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Command
>>> CENTERED

Parent Command
>> JACOBI AN

Subcommand

Description
This command cal cul ates elements of the Jacobian matrix by means of centered finite
difference quotients:

3. = dz; _z(pip; +¢pj) =z (p;pj —<pj)
ij_dpi~ 20p

The evauation of the Jacobian thus requires 2n+1 TOUGH?2 simulations, where n isthe
number of parameters. The size of the perturbation ¢p; can be controlled using command
>>> PERTURB. Centered finite differences are more accurate than forward finite
differences, but computationally twice as expensive (also see command >>> FORWARD).

Example
> COVPUTATI ON
>> JACOBI AN
>>> use CENTERED finite difference quotient

>>> PERTURBati on factor is: 0.005 tines the paraneter
<<<

<<

See Also
>>> FORWARD (j), >>> PERTURB
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Command
>>> CHARACTERI STI C

Parent Command
>> OUTPUT

Subcommand

Description

This command generates afile in the format specified by command >>> FORMAT
containing the characteristic curves (relative permeability and capillary pressure functions) of
all rock typesused in the TOUGH2 model. The file name contains the string"_ch".

Example
> COVPUTATI ON
>> OUTPUT
>>> generate file with CHARACTERI STI C curves
>>> in : TECPLOT FORVAT
<<<
<<

See Also
>>> FORMAT
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Command
>>>> COLUWN: itine idata (istd_dev)

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

This command identifies the column holding the time and observed value in the data defi-
nition block (see command >>>> DATA). By default, transient observations must be
provided in two columns, where the first column contains the observation time, and the
second column contains the corresponding measurement. Deviations from this format must
be indicated by providing the numbers of the columns, itime and idata, holding time and data
information, respectively. If athird integer istd_dev is provided, an additional columnis
expected holding the standard deviation of the corresponding measurement. This allows one
to specify individual standard deviations for each data point (the subcommand

>>>> DEVI ATI ONassigns asingle standard deviation to all data points of a data set). The
columns following command >>>> DATA areread infreeformat. If a column contains
non-numeric characters, command >>>> FORMAT must be used.

Example
> OBSERVATI ON
>> CAPI LLARY PRESSURE

>>> ELEMENT AL 1
>>>> COLUWN 2 3
>>>> skip : 3 HEADER | i nes
>>>> conversion FACTOR : -100.0 [hPa] - [-Pa]
>>>> DATA (time is in M NUTES)

1 5.0 0. 1698331055E+02 Fl owmret er A 0. 9869399946E+01
2 10.0 0. 2075763428E+02 Fl owmet er A 0. 1039689596E+02
3 15.0 0. 2357142822E+02 Fl owmeter A 0. 1162893932E+02
4 20.0 0. 2529052490E+02 Fl owmret er A 0. 1353439620E+02

<
<<<

See Also
>>>> DATA, >>>> DEVI ATION (0), >>>> FORVAT, >>>> HEADER,
>>>> P| CK
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Command
>>>> COMPONENT conp_nane/: iconp

Parent Command
>>> ELEMENT
>>> SOURCE (0)

Subcommand

Description

This command identifies a component either by its name (comp_name) or the component
number (icomp). A list of allowable component names for the given EOS module can be
obtained from the header of the iTOUGH2 output file.

Example
> OBSERVATI ON
>> CONCENTRATI ON
>>> ELEMENT: ZZ799

>>>> ANNOTATI ON: TCE concentrati on
>>>> COMPONENT No.: 3 (=VOC)
>>>> di ssol ved in LI QU D PHASE
>>>> DATA on FILE: tce. dat
>>>> standard DEVI ATION: 1. 0E-6
<<<<

<<
<<

See Also
>>>> PHASE
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Command
>> COWMPRESSI Bl LI TY

Parent Command
> PARAMETER

Subcommand
>>> NMATERI AL

Description

This command selects as a parameter the pore space compressibility ¢, (TOUGH2 variable
COM NMAT) ) of acertain rock type. Under fully liquid-saturated conditions, pore space
compressibility estimates ¢, can be converted to a specific storage coefficient Sg [m ] as
follows:

Ss =¢p ol +c,)

where ¢ is pl(arosi_t}/, p isdensity of water, g isgravitational acceleration, and

¢ =4.4010 [Pa ] iswater compressibility. Similarly, estimation of c,, for grid blocks
representing awell or boreholeis useful for the determination of a dimensionless wellbore
storage coefficient Cy,:

Con = ¢on 0P [0 Vi (S & + Sy [E +c¢,)

where ¢, and V,,, arethe porosity and volume of the grid block representing the well, S
and Sy aretheliquid and gas saturation, and ¢y is gas compressibility which is
approximately 1/ p.

Example
> PARAMETER
>> pore space COVPRESSI BI LI TY
>>> MATERI AL: BOREH
>>>> ANNOTATI ON: Wl | bore storage
>>>> LOGARI THM
>>>> RANCE : -10.00 -7.0
<<<<
>>> MATERI AL: SKI N_ ROCK_ BOUND
>>>> ANNOTATION: Storativity
>>>> |LOGARI THMV
<<<
<<

See Also
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Command
> COVPUTATI ON

Parent Command

Subcommand
>> CONVERGE
>> ERRCR
>> JACOBI AN
>> OPTI ON
>> OUTPUT

Description

Thisisthefirst-level command for specifying a number of computational parameters, con-
vergence criteria, program options, and output formats. The general format is as follows:

> COVPUTATI ON

>>

speci fy various program OPTI ONS

>> speci fy CONVERCGENnce criteria
>> specify paranmeters for cal culating JACOBI AN natri x
>> specify paranmeters for ERROR anal ysis
>> specify OUTPUT formats
<<
Example

> COVPUTATI ON

>>

>>

>>

>>

<<

CONVERGENCE criteria

>>> perform: 5 | TERATI ONS

<<<

JACOBI AN

>>> use CENTERED finite difference quotient with
>>> a relative paraneter PERTURBation of : 0.5 %
<<<

program OPTI ONS

>>> use LEAST- SQUARES obj ective function (default)
>>> al|low the sinmulation to reach STEADY state
<<<

OUTPUT

>>> generate PLOTFILE for: TECPLOT

>>> print all tinmes in HOURS

See Also
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Command
>> CONCENTRATI ON (conp_nane/ COVPONENT: i conp)
(phase_nane/ PHASE: i phase)

Parent Command
> OBSERVATI ON

Subcommand
>>> ELEMENT

Description

This command selects as an observation type the concentration [kg/m3] of acomponent in a
given phase. Concentration is defined as the product of mass fraction of component icomp in
phase iphase times density of phase iphase. This observation type refersto an element.
Component number icomp or component name comp_name, and phase number iphase or
phase name phase_name depend on the EOS module being used. They are listed in the header
of theiTOUGH?2 output file, and can be specified either on the command line or using the two
subcommands >>>> COVPONENT and >>>> PHASE, respectively.

Example
> OBSERVATI ON
>> CONCENTRATION of BRINE in LIQUI D
>>> ELEMENT: Al 1

or

> OBSERVATI ON
>> CONCENTRATI ON of COMPONENT No.: 2 in PHASE No.: 2
>>> ELEMENT: Al 1

or

> OBSERVATI ON
>> CONCENTRATI ON
>>> ELEMENT: Al 1
>>>> COVPONENT: 2
>>>> Ll QUI D PHASE

See Also
>> MASS FRACTI ON
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Command
>> CONDUCTI VI TY (VET/ DRY)

Parent Command
> PARAMETER

Subcommand
>>> NMATERI AL

Description

This command selects as a parameter the formation heat conductivity under fully liquid-
saturated (keyword V\ET, default, TOUGH2 variable CWET( NIVAT) ) or desaturated
conditions (keyword DRY, TOUGH2 variable CDRY( NVAT) ).

Example
> PARAMETER
>> heat CONDUCTI VI TY under DRY conditions
>>> ROCK type . GRANI
>>>> VALUE
>>>> RANGE : 0.5 5.0 [Wm(
<<<<
<<<
<<
See Also
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Command

>>> CONNECTION: elenl elen?2 (elemi elemj ...)
(++/ +-/ ++ i plus)

or

>>> | NTERFACE: elenl elen?2 (elemi elemj ...)
(++/ +-/ ++ i plus)

Parent Command
>> FLOW

Subcommand
any fourth-level command in block > OBSERVATI ON

Description

This command reads pairs of element names defining a connection. By default, element
names are designated by a three-character/two-integer code name. Blanksin the element
names as printed in the TOUGH2 output file must be replaced by underscores (e.g., an el ement
name specified in the TOUGH2 input fileas’B 007’ isprintedas’B 0 7’ to the TOUGH2
output file. Therefore, it has to be addressed in the iTOUGH2 input fileas'B_0_7").

Multiple connections can be specified, and iTOUGH2 cal cul ates the sum or mean of all flow
rates (see subcommands >>>> SUM and >>>> AVERAGE, respectively).

A sequence of iplus connections can be generated where the number of the first and/or the
second element isincreased by 1. If only thefirst (second) element in a sequence of
connections should be increased, use +- (- +). If both elements are to be increased, use + (or
++). The following two command lines are thus identical:

>>> CONNECTION: AA 1 BB 15 -+ 2
>>> CONNECTION: AA 1 BB 15 AA 1 BB 16 AA 1 BB 17

Example
> OBSERVATI ON
>> LI QU D FLOW RATE
>>> | ist of CONNECTIONS: ELM 1 ELM 2 + 48
>>>> ANNOTATI ON : Boundary fl ux
>>>> take SUM of flow rates across 49 connections
>>>> DATA on FILE : fl ow dat
>>>> RELATIVE error: 10 %
<LK
<K<
<<

See Also
>>>> AVERAGE, >>>> SUM
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Command
>>> CONSECUTI VE: max_iterl

Parent Command
>> CONVERGE

Subcommand

Description

By default, TOUGH2 simulations are stopped if 10 consecutive time steps converge with a
single Newton-Raphson iteration because no update of primary variables occurs. This
command allows changing the maximum number of allowable time steps with ITER=1 to
max_iterl.

Consecutive time steps with no update of primary variable occur if:

(1) steady stateis reached;

(2) calibration or printout times are too narrowly spaced;

(3) the maximum time step size (TOUGH2 variable DELTMX) istoo small;
(4) theinitial time step (TOUGH2 variable DELTEN or DLT(1)) istoo small;
(5) asmall time step istaken to land on a calibration or printout time.

Only (1) is an acceptable TOUGH2 convergence (see command >>> STEADY- STATE).
All the other reasons may lead to premature termination of a TOUGH2 simulation.
Convergence problems are more often encountered in iTOUGH2 than in a standard TOUGH?2
simulation because many parameter combinations are submitted. This command makes
TOUGH2 more tolerant of this kind of convergence failure. It isimportant, however, that
max_iterl isonly increased to overcome temporary convergence problems during the
optimization, i.e., the final parameter set should yield a TOUGH2 simulation without
convergence problems. Calibration points should not be spaced too narrowly in time (see
command >> Tl ME). Command >>> ADJUST can be used to overcome problem (4).
Note that a special time stepping procedure is incorporated in iTOUGH2 to avoid problem (5).

Example
> COVPUTATI ON
>> CONVERGE
>>> accept: 20 CONSECUTI VE tinme steps

t hat converge on | TER=1
<<

<<

See Also
>> Tl ME, >>> ADJUST, >>> REDUCTI ON
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Command
>> CONTENT (phase_nane/ PHASE: i phase)

Parent Command
> OBSERVATI ON

Subcommand
>>> ELEMENT

Description

This command selects as a parameter the content of phase iphase as an observation type.
Phase content is defined as the product of saturation and porosity.

The phase name phase_name or phase number iphase, which depend on the EOS module
being used, are listed in the iTOUGH2 header, and can be specified either on the command
line or using subcommand >>>> PHASE.

Estimating phase content and phase saturation isidentical only if porosity remains constant.
Porosity can be variable (i) due to compression of the pore space (i.e., if TOUGH2 variable
COM NMAT) isnot zero), and (ii) if porosity is one of the parameters to be estimated and is
updated during the inversion.

Example
> OBSERVATI ON
>> TIME: 1 point at steady state
1. OE20
>> LI QUI D CONTENT or
CONTENT in PHASE No.: 2
>>> ELEMENT: Al 1
>>>> ANNOTATI ON: Wat er cont ent

>>>> FACTOR : 0.01 (data given in %
>>>> one steady-state DATA point
0.0 23.0
1.0E50 23.0
>>>> DEVIATION. 5.0 %
<<<<

>>> ELEMENT: Al 1
>>>> ANNOTATI ON: Gas cont ent
>>>> GAS PHASE (overwites phase

specified on command |i ne)

>>>> NO DATA, just for plotting
<<<<

<<

<<

See Also
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Command

>> CONVERGE
or

>> STOP

or

>> TOLERANCE

Parent Command
> COVPUTATI ON

Subcommand

>>> ADJUST

>>> CONSECUTI VE
>>> FORWARD
>>> | NCOVPLETE
>>> | NPUT

>>> | TERATI ON
>>> LEVENBERG
>>> LI ST

>>> MARQUARDT
>>> REDUCTI ON
>>> S| MULATI ON
>>> STEP

>>> UPHI LL

>>> WARNI NG

Description
Thisisthe parent command of a number of subcommands that deal with tolerance measures
and convergence criteria for the inversion and, to a certain extent, the TOUGH2 simulation.

Example
> COVPUTATI ON
>> CONVERGENce criteria

>>> j gnore WARNI NG nessages, then
>>> perform: 5 | TERATI ONS
>>> stop if nore than : 5 unsuccessful UPHI LL steps
>>> and : 20 tinme step REDUCTI ONS
>>> accept : 6 | NCOWPLETE TOUGH2 runs
>>> the initial LEVENBERG paraneter shall be : 0.01
>>> MARQUARDT paraneter is: 10.0
<<<

See Also
>> OPTI ON
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Command
>>>> CORRELATION:. (-)rcorr

Parent Command
>>> SELECT

Subcommand

Description

This command defines one of the criteria used for automatic parameter selection. It examines
the ratio between the apparent conditional standard deviation o , * and the joint standard
deviation o, asameasure of overall parameter correlation (since the calculation is performed
far from the minimum, the standard deviations cannot be interpreted as actual estimation
uncertainties):

ap*
X= O<x<1
Op

Those parameters with aratio larger than |rcorr|, i.e., the most independent parameters, are
selected. Strongly correlated parameters are (temporarily) excluded from the optimization
process.

If anegative valueisgiven for rcorr, the selection criterion is relaxed with each iteration k ,
and reaches zero for the last iteration max _iter , i.e., al parameters are selected for the final

step.
k
rcorry = |rcorr| (A -————
max_iter

The choice for rcorr depends on the number of parameters n specified in block

> PARAMETER. The more parameters are estimated simultaneously, the higher are
parameter interdependencies. This fact should be acknowledged by specifying a smaller
valuefor |rcorr|if n increases.

Example
> COWVPUTATI ON
>> OPTI ON
>>> SELECT paraneter automatically every
>>>> : 3 | TERATI ONS
>>>> yse CORRELATION criterion with rcorr : -0.10
<
<
<<

See Also
>>>> | TERATION (s), >>>> SENSITIVITY
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Command
>> COVARI ANCE (FILE: file_nane)

Parent Command
> OBSERVATI ON

Subcommand

Description

This command reads the diagonal elements of the a priori covariance matrix C, .

Usually the variances of the observations are specified separately for each data set using
command >>>> DEVI ATI ON (0), or they are provided as a separate column aong with
the data (see commands >>>> COLUMWN and >>>> DATA). Asan dternative, one can
assign or overwrite variances using the second-level command >> COVARI ANCE, followed
by two columns holding index i and variance G;. Since this command addresses elements of
the assembled covariance matrix, the user must provide the index that corresponds to the
position of the observation in vector z. Thisinformation is best retrieved from the iTOUGH2
output file after running one forward simulation. Note that the index changes whenever the
number of observations, parameters, or calibration timesis changed. The variances can also
be read from a covariance file which has to contain three columns, holding index i, index j,
and the (co-)variance G; (thisisthe same format as the one on the covariance file generated
by command >>> COVARI ANCE). Despite the fact that two indexes must be provided, only
diagonal elements, i.e., i = j, will be accepted as input.

Example
> OBSERVATI ON
>> : 30 EQUALLY space calibration TIMES in M NUTES bet ween
3.0 90.0
>> plus : 1 steady-state TIME near
86400. 0 seconds
>> PRESSURE
>>> ELEMENT: Al 1
>>>> al | DATA on FILE: pres. dat
>>>> standard DEVI ATION: 2000.0 Pa
<L

<<
>> COVARI ANCE
32 1.0E4
(changes one el enent of the covariance matrix to

i ncrease the weight of the steady-state data point)
<<

See Also
>>> COVARI ANCE, >>>> COLUW, >>>> DEVI ATI ON, >>>> DATA
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Command
>>> COVARI ANCE

Parent Command
>> OUTPUT

Subcommand

Description
This command generates a file with extension ".cov " with the covariance matrix of the
calculated system response:

1.1
Cyp =JCpJ" =56 EU(JTC;J) J7
Notethat C;; isasquare matrix of dimension mxm.

Example
> COVPUTATI ON
>> OQUTPUT
>>> print COVARI ANCE matrix of cal cul ated
system response
<<<
<<

See Also
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Command
>> CUMULATI VE (conp_name/ COVPONENT: i conp)
(phase_nane/ PHASE: i phase)

Parent Command
> OBSERVATI ON

Subcommand
>>> SOURCE

Description

This command selects as an observation type the cumulative injection or production of
component icomp or phase iphase. This observation type refersto asink or source code
name. It can be used when time-dependent generation rates are to be estimated where the
total amount of injected or produced fluid is approximately known, or if the total generation
rate is prescribed in block GENER, but the phase composition of the produced fluid is
variable and sensitive to the parameters of interest. Finally, the cumulative amount of injected
or produced fluid can be used as an observable variable for wells on deliverability.

Note that the cumulative mass of a phase produced in an element strongly depends on the
composition of the produced fluid mixture according to the options provided by TOUGH?2 flag
MOP( 9) .

Component number icomp or component name comp_name, and phase number iphase or
phase name phase_name depend on the EOS module being used. They arelisted in the
iTOUGH2 header and can be specified either on the command line or using the two
subcommands >>>> COVPONENT and >>>> PHASE, respectively. If neither a phase
nor component number is specified, the total, cumulative mass of all phases or components
will be calculated.

Example
> OBSERVATI ON
>> CUMULATI VE METHANE pr oduced
>>> SOURCE: RW 1

>>>> ANNOTATI ON . Total nethane [I]
>>>> FACTOR . -7.67358E-04 [1] - [kd]
>>>> DATA from FILE: tot _ch4. dat [ HOUR]
>>>> DEVI ATl ON : 5.0 [1]
<<<<
<<
<<
<
See Also

iTOUGH2 COMMAND REFERENCE 43 COMMANDS



Command
>>>> DATA (time_unit) (FILE file_nane)

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

This command reads alist of observation times and the corresponding data. Each list will be
referred to as a data set in theiTOUGH2 output file. An annotation is generated for each data
set, or astring can be supplied by the user for itsidentification (see command

>>>> ANNOTATI ON).

Data can be supplied either directly following the command line or on a separate file (use
keyword FI LE followed by the name of the data file after a colon).

Time and data must be arranged in columns. They areread in free format. Data are accepted
until aFORTRAN input error occurs. The total number of data points read by iTOUGH2 is
printed to the iTOUGH2 output file and should be checked for consistency.

By default, the first column is expected to hold the observation times, and the second column
the datavalues. Deviations from this format are possible (see commands >>>> COLUMW\,
>>>> FORMAT, >>>> SET (0),and >>>> HEADER for details). Datacan also be
represented by a polynomial or a user-specified function (see commands >>>> PCOLYNOM
and >>>> USER, respectively).

Observation times do not need to coincide with the calibration times defined by command

>> Tl ME (0). Linear interpolation is performed for calibration times that fall between
observation times. Thisrequires, however, that the first observation timeis earlier than the
first calibration time, and that the last observation timeis later than the last calibration time.
If this condition is not met, command >>>> W NDOW should be used. Only onetime
window can be specified for each data set, i.e., multiple data sets must be provided if multiple
time windows are needed.

If timeis not given in seconds, the appropriate time unit (M NUTE, HOUR, DAY, WEEK,
MONTH, YEAR) must be specified on the command line. If the units of the data points are
different from the standard units used in TOUGH2, a conversion factor must be provided
through command >>>> FACTOR.

If no observed data are available (e.g., when performing design calculations prior to testing, or
when using iTOUGH2 for generating time series plots), adummy data set must be supplied.
Alternatively, command >>>> NO DATA can be used.
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Example
> OBSERVATI ON
>> GAS PRESSURE
>>> in ELEMENT: Al 1

>>>> DATA in default format, time (s) vs. pres. (Pa)
1.0 100000. 0
10.0 101343. 8
20.0 105991. 3
30.0 108965. 9
60.0 115003. 8
3600.0 218762.0

>>>> standard DEVI ATI ON: 5000.0 Pa
<LK
<K<

>> LIQUID FLOWrate

>>> CONNECTION B1 1 B1_ 2
>>>> HEADER contains : 3 lines to be skipped
>>>> tine and value are in COOUWS: 3 6
>>>> conversi on FACTOR -1.6667E-5

(converts from[m/mn] to [-kg/s])

>>>> use SET No. : 3
>>>> DATA on FILE : flow dat with tine in M NUTES
>>>> RELATI VE neasurenent error: 5.0 %
<<<<

<<<

>> BRI NE CONCENTRATION i n LI QUI D PHASE
>>> ELEMENT: C1_ 1
>>>> NO DATA avail able, just for plotting
>>>> assign small WEIGHT of : 1.0E-20
<<<<
<<<
<<

See Also

>>>> ANNOTATI ON, >>>> COLUWN, >>>> FACTOR, >>>> FORMAT,
>>>> HEADER, >>>> PICK, >>>> POLYNOM >>>> SET (0),
>>>> USER, >>>> W NDOW
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Command

>>> DEFAULT

or

>>> MATERI AL: DEFAU

Parent Command
>> CAPI LLARY
>> | NI Tl AL

>> RELATI VE

Subcommand
any fourth-level command in block > PARAMETER

Description

Parameters of the default relative permeability and capillary pressure functions (TOUGH2
block RPCAP) or default initial conditions (TOUGH?2 block PARAM .4) are addressed by
command >>>> DEFAULT. Alternatively, amaterial name DEFAU can be provided
following command >>>> MATERI AL.

Example
> PARAMETER
>> | NI TI AL PRESSURE
>>> DEFAULT initial pressure (bl ock PARAM 4)
>>>> ANNOTATION: Init. Formation Pres.
>>>> QUESS : 1.5E5
<<<<
<<<

>> RELATI VE PERVMEABI LI TY FUNCTI ON
>>> MATERI AL: BOREH
>>>> ANNOTATI ON : Sgr borehol e
>>>> PARAMETER #:. 2
<<<<
>>> MATERI AL: BOUND DEFAU
>>>> ANNOTATI ON : Sgr el sewhere
>>>> PARAMETER #:. 2
<<<<
<<<
<<

See Also
>>> MATERI AL, >>> MODEL
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Command
>>> DELTFACT: deltf act

Parent Command
>> CONVERGE

Subcommand

Description

In TOUGHZ2, time step size can be controlled in various ways (see Pruess [1987] for a
description of input variables DELTEN, DLT, DELTMX, NO TE, REDLT, and

MOP(16) ). Thetime step is also automatically adjusted in order for the ssimulation time to
land on any of the specified calibration or printout times. Thismay lead to very small time
steps or even convergence failures (see command >>> CONSECUTI VE).

IniTOUGH2, the proposed time step isincreased up to afactor of del t f act (default: 1.1)
if thisincrease allows the simulation to reach the next calibration or printout time. This may
lead to time stepping different from standard TOUGH2.

Example
> COVPUTATI ON
>> CONVERGE
>>> DELTFACT: 1.0 (as in standard TOUGH2)
>>> allow : 20 CONSECUTI VE tinme steps

converging in 1 iteration
<<<
<<

See Also
>>> CONSECUTI VE
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Command
>>> DESI| GN

Parent Command
>> OPTI ON

Subcommand

Description
(synonym for command >>> SENSI Tl VI TY)

Example
(seecommand >>> SENSI Tl VI TY)

See Also
>>> SENSI TI VI TY
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Command
>>>> DEVI ATION: sigma

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description
This command specifies the standard deviation o D of theinitial parameter guess. Prior
information about model parameter i will be We|ghted by 1o b , I.e., the difference between
the prior information value p; * and the estimate p; contributes to the objective function as
follows:
(pi*-p)?

2

Upi

weighted squared residual from prior information =

Commands for specifying the standard deviation are:

>>>> DEVI ATION: o P
>>>> VARI ANCE: o
>>>> \\El GHT: ]/a B

onN

By default, prior information is not weighted, i.e. 02 =,

The standard deviation reflects the uncertainty associated with the initial guess. If theinitial
guess isto be weighted, prior information should originate from an independent source. For
example, if porosity will be estimated based on transient pressure data, the prior information
value should be taken from a "direct" porosity measurement, e.g. using mercury-porosimetry
or oven-drying methods. In these cases, the measured parameter values p, * are considered
to be additional data points which serve as a physical plausibility criterion for the etimate j .
The p; * values, along with the observations of the system state z;, * , are then weighted
according to their uncertainties (see >>>> DEVI ATI ON (0) ). Notethat thereative
weighting between prior information and the observations z; * depends on the number of
calibration points selected. If many transient data points are available, a smaller standard
deviation 0 , may be specified to increase the rel ative weight of prior information.

In many casa appropriately weighting the initial guess makes an ill-posed inverse problem
unique. Furthermore, the solution becomes more stable if a parameter is not very sensitive.
However, using ]/ 0, asa regularization parameter to improve the ability to obtain a unique
solution with a poorly conceptualized inverse problem is not recommended. Erratic behavior
of a parameter during the inversion should be taken as an indication that the data do not
contain sufficient information for the determination of the parameter. Differences between
parameter values that are independently determined from laboratory experiments and inverse
modeling suggest the presence of a systematic error or scaling problem. These
inconsistencies should be resolved rather than averaged out.
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The standard deviation o |, is also used to scale the columns of the Jacobian matrix. While
the solution of the inverse problem is not affected by the choice of the scaling factor, all the
qualitative sensitivity measures are directly proportional to o o - If prior information is not
weighted, the scaling factor is taken to be 10 % of the respective parameter value. Command
>>>> VARI ATl ON should be used to change the default scaling factor without concurrently
assigning aweight to prior information.

When performing uncertainty propagation analyses, o , designates the parameter uncertainty
affecting the model prediction. It isused to generate a set of random parameter values for
Monte Carlo simulations, and it represents the standard deviation of anormal distribution if
performing linear uncertainty propagation analysis (for more details see commands

>>> MONTE CARLO and >>> FOSM respectively).

Example
> PARAMVETER
>> PORCSI TY
>>> MATERI AL: TUFFnN
>>>> PRIOR information : 0.38 (laboratory data)
>>>> standard DEVI ATION. 0.04 (neasurenent error)
<<<<
>>> MATERI AL: ALLUV

>>>> PRIOR information : 0.30 (from experience)
>>>> VARI ANCE 0.01 (of guess)
<KL

>>> MATERI AL: FAULT
>>>> jnitial GUESS : 0.25 (no neasurenents)
>>>> \W\El GHT : 0.00 (default)
>>>> VARI ATI ON : 0.10 (for scaling of

sensitivity matri x)

<KL

<<

<<
See Also

>> QUESS, >>> FOSM >>> MONTE CARLO, >>>> DEVI ATION (0),
>>>> PRI OR, >>>> VARI ANCE, >>>> VARI ATI ON, >>>> WElI GHT
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Command
>>>> DEVI ATION: sigma

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

This command specifies the standard deviation o 2" of the observations. The squares of the
standard deviations constitute the diagonal elements of the apriori covariance matrix.

The specified value sigma is assigned to all data points of the corresponding data set. 1t must
be given in the same units as the data (see command >>>> FACTOR). Individua valuesfor
each calibration point can be explicitly specified using command >>>> COLUMN or

>> COVARI ANCE, or are calculated as afraction of the measured value if using command
>>>> RELATI VE.

The standard deviation should represent the expected variability of the final residuals. Inthe
absence of modeling errors, the standard deviation is equivalent to the measurement error. A
reasonabl e value can be derived by visual examination of the data, i.e., by estimating the
standard deviation of the differences between the observed values and aline representing the
expected match; note that this procedure is based on the assumption that time averages can be
used to calculate the ensemble average, i.e., that the data set is a result of an ergodic process.
Theinverse of the a priori covariance matrix is used to weight the fitting error. It also scales
observations of different types and units. In the framework of maximum likelihood theory,
the covariance matrix constitutes the stochastic model along with the assumption of normality
and independence.

The parameter estimates are not affected by the absolute valuesof o, , but only by the ratios
o, / . Itissuggested, however, to use reasonable values that are related to the
measurement error. If thefina residuals are - on average - significantly larger than thea
priori specified standard deviations, the Fisher model test fails. The a posteriori standard
deviations of the final residuals are printed in the output for each data set for comparison
purposes.

Alternative commands are;
>>>> DEVI ATI ON: g,
>>>> VARI ANCE: ai
>>>> I GHT: Yo,

The following command lines are thus equivalent:
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>>>> standard DEVI ATION: 0.1
>>>> VARI ANCE: 0.01
>>>> \WEIGHT: 10.0

Example
> OBSERVATI ON
>> PRESSURE
>>> ELEMENT : AA412
>>>> conversion FACTOR 1E5 from|[bar] to [Pa]
>>>> DATA on FILE: pressure. dat
>>>> standard DEVI ATION: 0. 05 [ bar]
<<<<
<<<
<<

See Also
>> COVARI ANCE, >>>> AUTO, >>>> COLUWN, >>>> DEVI ATION (p),
>>>> RELATI VE, >>>> VARI ANCE, >>>> WEl GHT
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Command
>>> DI RECT

Parent Command
>> OPTI ON

or

>>> CONVERGE

Subcommand

Description
(synonym for command >>> FORWARD (0))

Example
(see command >>> FORWARD (0))

See Also
>>> FORWARD (0)
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Command
>> DRAVWDOWN ( phase_nane/ PHASE: i phase)

Parent Command
> OBSERVATI ON

Subcommand
>>> ELEMENT

Description

This command selects as an observation type the pressure drawdown during a pumping test.
This observation type refers to one or more elements. The drawdown is calculated from a
reference pressure, which is the pressure at the specified element at the time of the first active
calibration point for that data set, i.e., a calibration time greater than the starting time of the
simulation must be provided, indicating the beginning of the pumping period; the
corresponding observation is a drawdown of zero. Note that the sensitivity of this calibration
point is zero by definition, i.e., the first data point is not used for calibration. If drawdown is
measured in meters, command >>>> FACTOR must be used to convert the units to Pascals.
The phase name phase_name or phase number iphase, which depend on the EOS module
being used, are listed in the header of the iTOUGH2 output file. They can be specified either
on the command line or using subcommand >>>> PHASE. If no phaseis specified,
iTOUGH?2 takes the pressure drawdown of the first phase which is usually the reference
pressure.

Example
> OBSERVATI ON
>> TIMES: 1 in [ M NUTES]
10.0 = begi nning of punping
>> TI MES: 20 LOGARI THM CALLY spaced in [ M NUTES]

11.0 120.0
>> DRAVDOVW
>>> ELEMENT: AA 1
>>>> ANNOTATI ON : Pressure drawdown [m
>>>> FACTOR : 9810. [n] - [Pa]

>>>> LOGARI THM
>>>> DATA [ M NUTES]
10.0 0.0 begi nni ng of punpi ng

11.0 -0.1
15.0 -0.3
>>>> VARI ANCE : 0.01 [n2]

<L

See Also
>> PRESSURE
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Command
>> DRI FT

Parent Command
> PARAMETER

Subcommand
>>> NONE
>>> SET

Description
This command selects as a parameter the slope of atime-dependent trend. The trend is added
to the TOUGHZ2 output referring to a specific data set:

Z= ZTOUGH2 + dr|ft [ﬂlme

where (drift (time) is the trend added to the calculated TOUGH2 output Zroygn - Theresult
Z iscompared to the measurement z* of the corresponding data set.

This option allows removal of atrend in the data (for example, aflowmeter may exhibit an
unknown offset and time-dependent trend that needs to be estimated). A non-zero value must
be provided as initial guess through the iTOUGH2 input file using command >>>> GUESS.
The data set isidentified by number using command >>> SET (p).

Example

> PARAMVETER

estimate coefficients of regression dz=A+B*tine to correct
fl owmret er data

>> SHI FT
>>> NONE
>>>> ANNOTATI ON: coefficient A (constant)
>>>> | NDEX 234 (identifies data sets)
>>>> QUESS : 4.0E-6 [kg/sec]
<<<<
<<<
>> DRI FT
>>> NONE
>>>> ANNOTATI ON: coefficient B (sl ope)
>>>> | NDEX 234
>>>> QUESS . 1. 0E-9 [kg/sec/ sec]
<<<<
<<<
<<
See Also

>> FACTOR, >> LAG >> SH FT, >>> SET (p), >>>> | NDEX (p)
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Command

>>> ELEMENT: elene (elene_i ...) (+ iplus)

or

>>> GRID BLOCK: elenme (elenme_i ...) (+ iplus)

Parent Command
any second-level command in block > OBSERVATI ON requiring element names.

Subcommand
any fourth-level command in block > OBSERVATI ON

Description

This command reads one or more element names. Most observation types refer to avariable
that is associated with a grid block (as opposed to a connection or sink/source name).
Element names are designated by a three-character/two-integer (FORTRAN format: AAAII)
code name. Blanksin the element names as printed in the TOUGH2 output file must be
replaced by underscores (e.g. an element name specified in the TOUGH2 input fileas’B 007’
isprintedas’B 0 7’inthe TOUGH2 output file. Therefore, it hasto be addressed in the
iTOUGH2 input fileas’B_0_7").

Multiple elements can be specified, and iTOUGH2 cal cul ates the sum or mean of the
corresponding output variable (see subcommands >>>> SUM and >>>> MEAN,
respectively).

A sequence of iplus elements can be generated by increasing the number of the last element.
The following two command lines are identical:

>>> ELEMENT: AA_1 BB 15 +3
>>> ELEMENT: AA_1 BB 15 BB 16 BB 17 BB 18

Example
> OBSERVATI ON
>> GAS SATURATI ON
>>> ELEMENTS: ELM O + 99
>>>> ANNOTATI ON . Mean saturation
>>>> take the VOLUVEtric MEAN of all 100 el enents
>>>> DATA on FILE : Sg. dat
>>>> DEVI ATI ON . 0.05
<<<<
<K<
<<

See Also
>>> CONNECTI ON, >>> SI NK, >>>> MEAN, >>>> SUM
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Command
>>> EMPIRICAL (MATRI X: ndim (i TOUGH2) (CORRELATI ON)

or

>>> EOF (MATRIX: ndim) (i TOUGH2) ( CORRELATI ON)

Parent Command
>> ERROR

Subcommand

Description

This command must be used in combination with command >>> MONTE CARLO to
invoke stochastic simulations of correlated parameters using Empirical Orthogonal Functions
(EOF). EOF isavariant of Monte Carlo simulations to quantify the uncertainty of model
predictions as aresult of parameter uncertainty. Many parameter sets are generated,
following the predefined covariance matrix C ;. The i th parameter set Y; is obtained by
linear combination of the eigenvectors uy of C ,, and stochastic coefficients ¢, (¢;) :

n
Yi =) ugd
=

& (&) =& M

where ¢ isastandard normal distributed random variable, and a, isthe k th eigenvalue of
C pp- For more details, see Kittered and Gottschalk [1997].

The elements of matrix C ,, can be supplied using one of the following options:

(1) Provideindicesand elementsof C ;. Example:

>>> EM RI CAL ORTHOGONAL FUNCTI ONS
1 1 0.80643E-04
2 2 0.71921E-04
2 1 0.64412E-04

Use keyword CORRELATI ON if off-diagonal term is correlation coefficient instead of
covariance. Example:
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>>> EMPI Rl CAL ORTHOGONAL FUNCTI ONS, CORRELATI ON
1 1 0.80643E-04
2 2 0.71921E-04
2 1 0.864

(2) Providekeyword MATRI X, followed by a colon and the dimension ndim of the square
matrix C ;. Thelower triangle of the covariance matrix is then provided on exactly
ndim additional lines. If keyword CORRELATI ON is present, the off-diagonal terms
represent correlation coefficients rather than covariances. Example:

>>> ECF, dinmension of CORRELATI ON MATRI X: 4

9.1234
-0. 67 0. 00413
0. 80 0.213 1. 3E-6
0. 50 -0. 155 0.90 4. 3E12

(3) If calculated during a previous iTOUGH2 inversion, the covariance matrix can be taken
from the iTOUGH2 output file and directly copied after the command line. This option
isinvoked by keyword i TOUGH2. The matrix will be read by formatted input, so it is
crucia that the correct format is maintained. If ndimis greater than 6, the matrix is
split in multiple submatrices. All submatrices must be copied exactly as they were
printed to theiTOUGH2 output file. Example:

>>> EOF, MATRI X of dim: 3 in i TOUGH format
| og(abs. perm) PORCSI TY SAND Gas entrapped

| og(abs. perm) . 80643E- 04 . 846 -.253
PORCSI TY SAND . 64412E- 04 . 71921E- 04 -. 500
Gas entrapped -.52623E- 05 -. 98296E- 05 . 53843E- 05
Example
> COVPUTATI ON
>> STOP
>>> nunber of Mnte Carlo SI MJLATI ONS: 250
<<

>> ERROR propagation anal ysis
>>> MONTE CARLO sinul ati ons, SEED nunber: 777
>>> EOF, di nension of CORRELATI ON MATRI X: 3

9.1234
-0. 67 0. 00413
0. 80 0. 213 1. 3E-6
<<
<<
See Also

>>> FOSM  >>> LATI N HYPERCUBE SAMPLI NG >>> MONTE CARLO
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Command
>> ENTHALPY

Parent Command
> PARAMETER

Subcommand
>>> SOURCE

Description

This command selects as a parameter the fixed specific enthalpy of theinjected fluid
(TOUGH2 variable EX) or the time-dependent specific enthal py of the produced or injected
fluid (TOUGH2 variable F3(L), LTAB>1and | TAB non-blank). This parameter refersto
asink/source code name. Estimating atime-dependent enthal py requires providing index L
through command >>>> | NDEX.

Note that enthalpy is also an observation type (see command >> ENTHALPY ( 0) ).

Example
> PARAMETER
>> speci fi c ENTHALPY
>>> SOURCE: INJ_1
>>>> ANNOTATI ON: fi xed ent hal py
<<<<
>>> SOURCE: INJ_2 INJ_5
>>>> ANNOTATI ON: vari abl e ent hal py

>>>> VALUE
>>>> | NDEX 1238910
<<<<
<<<
<<
See Also

>> TIME (p), >> ENTHALPY (0)
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Command
>> ENTHALPY (phase_nane/ PHASE: i phase)

Parent Command
> OBSERVATI ON

Subcommand
>>> S| NK

Description

This command selects as an observation type the flowing enthalpy in a production well. This
observation type refers to asink code name. If multiple sinks are provided, the flowing
enthalpy is weighted by theindividual production rates. If a phaseis selected either by
specifying avalid phase_name or a phase number iphase or through command

>>>> PHASE, only the flowing enthalpy of that phaseis calcul ated.

Note that the enthalpy of the injected fluid can also be an unknown parameter to be estimated
(seecommand >> ENTHALPY (p)).

Example
> OBSERVATI ON
>> ENTHALPY
>>> SINK: WEL 1 + 5
>>>> ANNOTATI ON . Flow ng enthal py
>>>> FACTOR . 1000.0 [ kI/kg] - [J/kg]
>>>> DATA from FILE: enthal py.dat [HOUR]
>>>> DEVI ATI ON . 10.0 [ kJ/ kg]
<<<<
<<<
<<
<
See Also

>> ENTHALPY (p)
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Command
>>> EOF (MATRI X: ndinm) (i TOUGH2) (CORRELATI ON)

Parent Command
>> ERROR

Subcommand

Description
(synonym for command >>> EMPI Rl CAL ORTHOGONAL FUNCTI ONS)

Example
(seecommand >>> EMPI Rl CAL ORTHOGONAL FUNCTI ONS)

See Also
>>> EMP| RI CAL ORTHOGONAL FUNCTI ONS
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Command
>> ERROR

Parent Command
> COVPUTATI ON

Subcommand

>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>

Descr

ALPHA

EMPI RI CAL ORTHOGONAL FUNCTI ONS
FI SHER

FOSM

HESSI AN

LATI N HYPERCUBE SAMPLI NG
LI NEARI TY

LI ST

MONTE CARLO

PCSTERI ORI

PRI ORI

TAU

iption

Thisisthe parent command of a number of subcommands that deal with the a posteriori error
analysis or uncertainty propagation analysis.

Example
> COVPUTATI ON

>>

ERRCOR anal ysi s

>>> use confidence |evel 1-ALPHA:= 95 %
>>> use sigma as determ ned by FlI SHER nodel test
>>> calculate finite difference HESSI AN matri x

>>> check LI NEARITY assunption on : 99 %/ evel
<<<
<<
See Also
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Command
>> FACTOR

Parent Command
> PARAMETER

Subcommand
>>> NONE
>>> SET

Description
This command selects as a parameter a constant factor with which the calculated TOUGH2
output will be multiplied. The factor is applied to the output that refers to a specific data set:

Z = ZroucH 2 Lfactor

where factor isthe multiplication factor and zyogH 2 1Sthe TOUGH2 output. The result z
is compared to the measurement Z* of the corresponding data set.

This option allows correcting for a systematic, but unknown relative error in the data.

The data set isidentified by number using command >>> SET (p).

If the factor is known and does not need to be estimated, use command

>>>> FACTOR (0).

Example
> PARAMETER
>> FACTOR
>>> SET No. : 1
>>>> ANNOTATI ON: correct anplitude
>>>> QUESS: 1.0
<<<<
<<<
<<

See Also
>> DRI FT, >> LAG >> SH FT, >>> SET (p), >>>> FACTOR (0)
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Command
>>>> FACTOR

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description
The parameter to be estimated is a factor with which the initial TOUGH?2 parameter valueis
multiplied:

p:X/XOQX:pD(O

Here, p isthe estimated parameter, X isthe TOUGH2 parameter, and X, istheinitia value
of the TOUGH2 parameter. Thisoption is useful to estimate a scaling factor for variable
initial and boundary conditions, or to determine the mean of a quantity while maintaining
ratios (e.g., if estimating a common factor applied to al three permeability valuesin a model
domain, the anisotropy ratio remains constant). If the factor islog-normally distributed, add
command >>>> LOGARI THM or usecommand >>>> LOG F). Estimating afactor is
opposed to estimating the parameter value directly (command >>>> VALUE) or its
logarithm (command >>>> LOGARI THM (p)).

Exanpl e
> PARAMVETER
>> ABSOLUTE perneability
>>> MATERI AL: CLAY1 SAND1
>>>> estimate nultiplication FACTOR, and maintain
both the anisotropy ratio within a | ayer as
well as the perneability ratio between clay

and sand.
>>>> | NDEX 123
>>>> jnitial GUESS: 1.0 (default)
>>>> RANGE . 0.01 100.0
<<<<
<<<
<<
See Also

>>>> LOGARI THM (p), >>>> LOJ F), >>>> VALUE
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Command
>>>> FACTOR: factor

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

This command provides a conversion factor with which the data are multiplied so they
comply with standard TOUGH2 units. The conversion factor is also applied to the standard
deviation (see command >>>> DEVI ATI ON ( 0) ), i.e., the measurement error must be
given in the same units as the data. The standard TOUGH2 units are used throughout the
iTOUGH2 output file, i.e., al observed and calculated values as well as residuals and standard
deviations have been multiplied by factor.

Example
> OBSERVATI ON
>> PRESSURE
>>> ELEMENT: WEL99
>>>> conversi on FACTOR 1E5 [bar] - [Pa]
>>>> DATA in HOURS and bar on FILE: pres.dat
>>>> standard DEVI ATION: 0. 01 [ bar]
<<<<
<<<
<<

See Also
>> FACTOR
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Command
>>> F| SHER

Parent Command
>> ERROR

Subcommand

Description
The a posteriori estimated error variance so represents the variance of the mean weighted
residual and is thus a measure of goodness-of-fit:
L Tc ;er
m-n

Thevaue so isused in the subsequent error analysis. For example, the covariance matrix of
the estimated parameters, C ,, isdirectly proportional to the scalar so Notethat if the
residuals are consistent with the distributional assumption about the meaSJrement errors (i.e.,
matrix C, ), then the estimated error variance assumes avalue closeto one. so IS also an
esti matefor thetrueor a priori error variance 00 It can be shown that theratio sj / o}
follows an F -distribution with the two degrees of freedom f; =m-n,and f, =oo.
Therefore, it can be statistically tested to see whether the final match deviates significantly
from the modeler’s expectations, expressed by matrix C,,. Thisis called the Fisher Model
Test. The user must decide whether the error analysis should be based on the a posteriori or a
priori error variance (see commands >>> POSTERI OR and >>> PRI OR, respectively).
The decision can also be delegated to the Fisher Model Test according to the following table:

Fisher Model Test Error Comment
Variance
2/ 2 2
So / 00 > Fine g-a So Error in functional and/or stochastic model
2/ 2
1< S0/00 e S5 Model test passed
2/ 2 2
s3/08 <1 o Error in stochastic model

Example
> COVPUTATI ON

>> ERROR

>>> F| SHER nodel test deci des whether the a priori or a

posteriori error variance should be used
<<<

See Also
>>> ALPHA, >>> POSTERI ORI, >>> PRI ORl
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Command
>> FLOW ( phase_nane/ PHASE: i phase/ HEAT)

Parent Command
> OBSERVATI ON

Subcommand
>>> CONNECTI ON

Description

This command selects as an observation type the flow rate of phase iphase or total fluid flow
rate or heat flux. This observation type refers to a connection.

The phase name phase_name or phase number iphase, which depend on the EOS module
being used, are listed in the iTOUGH2 header. They can be specified either on the command
line or using the subcommand >>>> PHASE. If no phaseis specified, thetotal flow rateis
selected. If keyword HEAT is present, the total heat flux across the connection is selected.
Note that the sign of the calculated flow rate depends on the order of the two elementsin a
connection.

Example
> OBSERVATI ON
>> GAS FLOWNrate
>>> CONNECTION: INJ_1 ELM 2

>>>> ANNOTATI ON : Gas fl ow

>>>> FACTOR : -16.666667 [mM3/mn] to [kg/s]
>>>> DATA on FILE : inject.dat

>>>> RELATI VE error: 3.0 %

<<<<

<<

>> FLOWrate
>>> CONNECTION: Al11 1 Al1 2 Bl1 1 B11 2 Cl1 1 Cl1 2 &
D11 1 D11 2 E11_ 1 E11 2 F11_1 Fl11 2

>>>> ANNOTATI ON: Fl ow across boundary
>>>> LI QUID PHASE flow rate
>>>> t ake the SUM
>>>> of the ABSCLUTE val ues of the 6 flow rates
>>>> DATA in [kg/s] and M NUTES on FILE: outfl ow dat
>>>> standard DEVIATION. 0.1 kg/sec
<KL

<<
<<

See Also
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Command
>> FORCHHEI MER

Parent Command
> PARAMETER

Subcommand
>>> MODEL

Description

This command selects a parameter of the non-Darcy flow coefficient model (TOUGH2
variable FORCH( | PAR) ). Usecommand >>>> | NDEX to select the parameter index
I PAR.

Example
> PARAMETER
>> par anet er of FORCHHEI MER non-Darcy fl ow nodel
>>> MODEL
>>>> ANNOTATI ON . Constant Beta
>>>> | NDEX 1
>>>> LOGARI THM
>>>> RANGE : 3.0 8.0
<<<<
<<<
<<
See Also
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Command

>>> FORMAT: format (LIST)
or

>>> PLOTFI LE: format (LIST)

Parent Command
>> OUTPUT

Subcommand

Description

iTOUGH2 does not directly generate graphs (except for the residual plot and correlation chart).
However, it does generate a plot file with data at the calibration points and system response as
calculated with theinitial, intermediate (see command >>> PLOTTI NG), and final
parameter set. A plot file with the relative permeability and capillary pressure curves can aso
be requested (see command >>> CHARACTERI STI C).

These plot files must be processed by an external visualization package.

iTOUGH2 generates plot filesin PLOPO format, a visualization software developed by
U.Kuhlmann at ETH, ZYrich. The PLOPO plot fileisinternally reformatted to comply with
formats of other visualization programs. The string format identifies the visualization
software (for alist of available formats add keyword LI ST). The reformatted plot files have
afile extension specific for the chosen software (for example ".tec” for TECPLOT.)

A genera format accepted by most commercially available plotting programsis the
arrangement in columns, where the first column contains the time, and additional columns
hold the data and cal culated system response for various observations. This general format
can be obtained by using keyword COLUMN.

The default format is TECPLOT, and can be changed to another format in file it2Zmain.f,
BLOCK DATA IT, through variable | PLOTFM.

Additional interfaces can be programmed into subroutine PLOTIF and REFORMAT.

Example
> COVPUTATI ON
>> OUTPUT
>>> FORMAT of plot file: COLUWNS (print LIST of
avai |l abl e formats)
<<<
<<

See Also
>>> CHARACTERI STI C, >>> PLOTTI NG

iTOUGH2 COMMAND REFERENCE 69 COMMANDS



Command

>>>> FORMAT:

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

f or mat

This command accepts a FORTRAN format statement for reading data. By default, data are
read in free format following the >>>> DATA command or directly from adatafile. If a
column contains non-numeric characters, formatted input can be invoked by providing a
string format representing the corresponding FORTRAN format statement. The format
statement must be in brackets and must not contain any blanks.

Example

> OBSERVATI ON
>> LIQUID FLOWrate

>>> CONNECTION : ELMbO BOT_1

>>>>
>>>>

>>>>

>>>>
>>>>

mul ti ply neasurenents by FACTOR -1.0E-06
FORVAT: (13X, F11.1, 30X, E17. 10)
used to read time and val ue
COLUW: 1 2 (time incol. 1, flowrate col. 2
of above FORMAT st atenent)
HEADER: 3 lines before val ues
DATA in M NUTES

<<

See Also
>>>> DATA, >>>> COLUW, >>>> HEADER, >>>> Pl CK

>>>>

<

0. 1698331055E+02 Fl owmret er A 0. 9869399946E+01
0. 2075763428E+02 Fl owmret er A 0. 1039689596E+02
0. 2357142822E+02 Fl owmeter A 0. 1162893932E+02
0. 2529052490E+02 Fl owmret er A 0. 1353439620E+02
0. 2598133789E+02 Fl owmeter A 0. 1469761628E+02

RELATIVE error is: 10.0 % of
t he indi vi dual neasurenent
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Command
>>> FORWARD
or

>>> Dl RECT

Parent Command
>> CONVERGE
or

>> OPTI ON

Subcommand

Description

This command allows one TOUGH2 simulation to be performed in order to solve the forward
problem.

It is advantageous to perform a single TOUGH2 simulation before invoking more expensive
inversions. The result from the forward run can be used to check TOUGH2 and iTOUGH2
input. Furthermore, aplotfile is generated with the results from the simulation with the initial
parameter set which can be compared to the observed data. The CPU time requirement for an
inversion can also be estimated from a single TOUGH2 simul ation.

(Note that there is another command >>> FORWARD inblock >> JACOBI AN.)

Example
> COVPUTATI ON
>> STOP after
>>> sol ving the DI RECT problem

# >>> before performng : 5 i TOUGH | TERATI ONS

<<
<<

See Also
>>> S| MULATI ON
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Command
>>> FORWARD (: iswitch)

Parent Command
>> JACOBI AN

Subcommand

Description
With this command the elements of Jacobian matrix are calculated by means of aforward
finite difference quotient:

3 294 _z0:p;+p)-z ()
' P P;

The evaluation of the Jacobian thus requires n +1 TOUGH2 simulations, where n isthe
number of parameters. The size of the perturbation ¢p; can be controlled using command
>>> PERTURB.

The Jacobian is used in both the minimization algorithm and the a posteriori error analysis.
For the Levenberg-Marquardt minimization algorithm, the accuracy obtained by using a
forward (as opposed to centered) finite difference quotient is usually sufficient, especially
during the first few iterations far away from the minimum. However, if approaching the
minimum and especialy for the subsequent error analysis one might want to use a more

accurate approximation of the Jacobian. If acolon is given on the command line followed by
an integer iswitch, iTOUGH2 switches from forward to centered finite differences after iswitch

iterations.

Example
> COVPUTATI ON
>> CONVERGE
>>> performa total of : 6 i TOUGH2 | TERATI ONS
<<<
>> JACCBI AN
>>> use FORWARD finite differences for : 5 iterations,
i.e. acentered finite difference quotient is used
for the final iteration and error analysis.
>>> PERTURBation factor is : 0.005 tinmes the
par anet er val ue
<<<

<<

See Also
>>> CENTERED, >>> PERTURB
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Command
>>> FOSM (MATRI X: ndim) (i TOUGH2) (CORRELATI ON) (DI AGONAL)

Parent Command
>> ERROR

Subcommand

Description

This command performs First-Order-Second-Moment (FOSM) uncertainty propagation
analysis. FOSM quantifies the uncertainty of model predictions as result of parameter
uncertainty. FOSM isthe analysis of the mean and covariance of arandom function based on
itsfirst order Taylor series expansion. FOSM analysis presumes that the mean and covariance
are sufficient to characterize the distribution of the dependent variables, i.e., the model results
are assumed to be normally distributed, and perturbations about the mean can be
approximated by linear functions J. The covariance of the uncertain parameters, C ., is
translated into the covariance of the simulated system response, C;:

Cy =JCppd"

The diagonal elements of matrix C ,, i.e., the variances of the parameters, can be supplied by
command >>>> VARI ANCE (or related commands) in block > PARAMETER. If
correlations are to be taken into account, the full covariance matrix must be provided. The
elements of matrix C ,, can be supplied using one of the following options:

(1) Provideindicesand elementsof C ;. Example:
>>> FOSM error anal ysi s
1 1 0.80643E-04
2 2 0.71921E-04
2 1 0.64412E-04

Use keyword CORRELATI ON if off-diagonal term is correlation coefficient instead of
covariance. Example:
>>> FOSM wi t h CORRELATI ON coefficients provided

1 1 0.80643E-04

2 2 0.71921E-04

2 1 0.864

(2) Providekeyword MATRI X, followed by a colon and the dimension ndim of the square
matrix C ;. Thelower triangle of the covariance matrix is then provided on exactly
ndim additional lines. If keyword CORRELATI ON is present, the off-diagonal terms
represent correlation coefficients rather than covariances. Example:
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>>> FOSM di nensi on of CORRELATI ON MATRI X: 4

9.1234
-0. 67 0. 00413
0. 80 0. 213 1. 3E-6
0. 50 -0. 155 0.90 4. 3E12

(3) If calculated during a previous iTOUGH2 inversion, the covariance matrix can be taken
from the iTOUGH2 output file and directly copied after the command line. This option
isinvoked by keyword i TOUGH2. The matrix will be read by formatted input, soitis
crucia that the correct format is maintained. If ndimis greater than 6, the matrix is
split in multiple submatrices. All submatrices must be copied exactly asthey were
printed to theiTOUGH2 output file. Example:

>>> FOSM read MATRIX of dim: 3 in i TOUGH2 format

| og(abs. perm) PORCSI TY SAND Gas entrapped
| og(abs. perm) . 80643E- 04 . 846 -.253
PORCSI TY SAND . 64412E- 04 . 71921E- 04 -. 500
Gas entrapped -.52623E- 05 -. 98296E- 05 . 53843E- 05

If the full matrix is provided, but only the diagonal terms (variances) shall be used in the error
analysis, use keyword DI AGONAL on the command line. This option makes it easy to study
the impact of correlations on the uncertainty propagation analysis. The uncertainty of the
model prediction as a result of parameter uncertainty is given as a standard deviation in the
residual analysis. Furthermore, the plotfile contains the system response for the mean
parameter set as well as error band on the specified confidence level (see command >>>
ALPHA). It issuggested to also increase the perturbation factor for calculating the Jacobian
matrix, and to use a centered finite difference quotient. Thisyieldsin amore redistic the
error band if the model is highly non-linear. It should be realized, however, that Monte Carlo
isthe preferred method if dealing with highly non-linear flow systems,

Example
> COVPUTATI ON
>> ERROR propagation anal ysis
>>> perform First-Oder-Second- Monent (FOSM anal ysis
>>> error bands on (1-ALPHA)=: 95 % confidence |evel
<<
>> JACCBI AN
>>> use CENTERED finite difference quotient
>>> PERTURBATI ON factor at least: 5.0 %
<<<
<<

See Also
>>> ALPHA, >>> EMPI RI CAL ORTHOGONAL FUNCTI ONS,
>>> LATI N HYPERCUBE, >>> MONTE CARLO
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Command
>>>> GAUSS
or

>>>> NORMAL

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description

This command generates normally distributed input parameters for Monte Carlo simulations.
Thisisthe default distribution. Parameter values will be generated following a normal
distribution with the initial guess as the mean, and the standard deviation taken from
command >>>> DEVI ATI ON. Only values within the specified range will be accepted. 1f
command >>>> LOGARI THM isaso present, parameters follow alog-normal distribution.

Example
> PARAMVETER
>> ABSOLUTE perneability
>>> MATERI AL: SAND1 BOUND WELLB
>>>> ANNOTATI ON . log(k) is uncertain
>>>> LOGARI THM
>>>> generate | og- NORVAL di stribution about nean...

>>>> jnitial GQUESS . -12.0 and with...
>>>> standard DEVIATION : 1.0 within the...
>>>> adm ssi bl e RANGE : -15.0 -9.0

<<<<

<<
<<

> COVPUTATI ON

>> perform ERROR propagati on anal ysis by nmeans of...
>>> MONTE CARLO simul ati ons
<<

>> STOP after...
>>> . 400 SI MULATI ONS
<<

<<

See Also
>>> LATI N HYPECUBE, >>> MONTE CARLO >>>> UN FORM
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Command
>>> GAUSS- NEWTON

Parent Command
>> OPTI ON

Subcommand

Description
This command performs Gauss-Newton steps to minimize the objective function. The Gauss-
Newton algorithm assumes linearity and can be described as follows:

41.Y1 -
Ap=(JTczzlJ) Jrer

Gauss-Newton steps are efficient if the model islinear (only oneiteration required to find
minimum) or nearly linear. If the model is highly nonlinear, Gauss-Newton steps are usually
too large, leading to an inefficient or even unsuccessful step.

By default, iTOUGH2 uses the Levenberg-Marquardt minimization algorithm, whichisa
modification of the Gauss-Newton algorithm.

Example
> COVPUTATI ON
>> OPTI ON
>>> use GAUSS- NEWION mi ni m zation al gorithm
<<<
>> STOP
after >>> :1 | TERATI ON
<<<
<<

See Also
>>> ANNEAL, >>> GRI D SEARCH, >>> LEVENBERG MARQUARDT,
>>> S| MPLEX
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Command

>> GENERATI ON (conp_name/ COMPONENT: i conp)
(phase_nane/ PHASE: i phase)

or

>> PRODUCTI ON (conp_name/ COMPONENT: i conp)
(phase_nane/ PHASE: i phase)

Parent Command
> OBSERVATI ON

Subcommand
>>> S| NK

Description

This command selects as an observation type the total or fractional generation ratein a
production well. This observation type refersto a sink code name.

Thetotal generation rate is usually prescribed in TOUGH2 block GENER, or can be
considered a parameter to be estimated (see command >> RATE). A variable generation
rate suitable for calibration is obtained only for wells on deliverability (type DELV), or if the
generation rate of a specific phase or component is used.

The fractional generation rate refersto the production of a specific phase or component. The
component name comp_name or component number icomp, as well as the phase name
phase_name or phase number iphase, which depend on the EOS module being used, are listed
intheiTOUGH2 header. They can be specified either on the command line or using the
subcommands >>>> COVPONENT and >>>> PHASE, respectively. If neither aphase
nor a component is specified, the total generation rateis calculated. 1f a phase but no
component is selected, the generation rate of that phase including all componentsis
calculated. If acomponent but no phase is selected, the generation rate of that component in
all phasesiscalculated. Finaly, if aspecific phase and a specific component is given, only
the generation rate of that component in the specified phase is cal cul ated.

Example
> OBSERVATI ON
>> GAS GENERATI ON (i ncludes both air and vapor)
>>> SINK: DLV 1 + 5

>>>> FACTOR . 1000.0 [m/s] - [kgls]
>>>> DATA on FILE : gasflow dat [ HOUR]
>>>> RELATIVE error: 10.0 [%A
<KL
<<<
<<
See Also

>> CUMULATI VE, >> RATE, >> TOTAL MASS, >>>> COVPONENT,
>>>> PHASE
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Command
>>> GRID BLOCK: elene (elene_i ...) (+ iplus)

Parent Command
any second-level command in block > OBSERVATI ON requiring element names.

Subcommand
any fourth-level command in block > OBSERVATI ON

Description
(synonym for command >>> ELEMENT)

Example
(seecommand >>> ELEMENT)

See Also
>>> ELEMENT
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Command
>>> GRI D SEARCH (: ninvall (ninval2 (inval 3)) /
FILE: filename) (UNSORTED)
or
>>> OBJECTIVE (: ninvall (ninval2 (inval 3)) /
FILE: filename) (UNSORTED)

Parent Command
>> OPTI ON

Subcommand

Description

This command evaluates the objective function for a number of specific parameter sets. A list
of parameter sets can be provided on file filename. Alternatively, parameter sets are
internally generated on aregular grid, mapping out the entire parameter space. In this case,
lower and upper bounds must be defined for each parameter using command >>>> RANGE
inblock > PARAMETER. Thisrangeisthen subdivided into ninteri intervals by inserting
invali+1 equally spaced points, generating parameter sets on aregular grid in the n-
dimensional parameter space. The objective function is evaluated at each grid point.
Keyword UNSORTED may be used in PVM applications to improve efficiency.

Evaluating the objective function throughout the entire parameter space isreferred to as grid
searching. The parameter set, the value of the objective function, and the contribution of each
observation type to the objective function is printed to the iTOUGH2 output file. The global
minimum islikely to bein the vicinity of the parameter set with the lowest objective function.
Furthermore, the information listed in the output file can be used to visually represent and
study the topology of the objective function. For example, one can generate a contour plot of
the objective function for n=2 which may reveal the presence local minima. If only one
output variable is defined in block > OBSERVATI ON and no data are provided, this option
can also be used in combination with command >>> L1- ESTI MATORto examine the
sensitivity of the output variable over an extensive parameter range.

Example
> COVPUTATI ON
>> OPTI ON

>>> CRI D SEARCH: 20 10 interval s al ong paraneter axes
<<
<<

See Also
>>> ANNEAL, >>> GAUSS- NEWITON, >>> LEVENBERG MARQUARDT,
>>> PVM >>> S| MPLEX
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Command
>> QUESS (FILE: file_nane)

Parent Command
> PARAMETER

Subcommand

Description

This command identifiesinitial guesses of the parameters to be estimated. The initial guess
vector p(kzo) =pg isthe starting point of the minimization algorithm (iteration k = 0).
Usually, theinitial guess vector isidentical with vector p* which holds prior information
about the parameters. By default, py and p* areidentical, taken from the TOUGH2 input
file, and overwritten by command >>>> PRI OR. The starting point for the minimization
algorithm may be different from the prior information vector. In this case, prior information
is taken from the TOUGH2 input file or must be provided through command >>>> PRI OR.
The starting point is taken from command >> GUESS which overwrites the initial guess
provided through command >>>> GUESS.

A parameter isidentified by an integer value indicating its position in the parameter block:
| XIGUESY(I)

Thisformat isidentical to that of file <invfile>.par. Initial guesses can be provided either
following the command line, or read from afileif keyword FI LE ispresent. The filename
is given after the colon. Thislatter option is useful to transfer best estimates from one
inversion to another if the order of the parametersis the same.

Example

> PARAMVETER
>> GUESS
2 0. 345 (initial guess for paranmeter no. 2)
3 -16.971 (initial guess for paranmeter no. 3)

/* (the initial guess for paranmeter no. 1 is taken fromthe
fourth-1evel command >>>> GQUESS, or - if not present -
fromthe TOUGH2 input file) */

> PARAMVETER
>> read GUESS from FILE: testi.par

See Also
>>>> QUESS, >>>> PRI OR
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Command
>>>> GQUESS: guess

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description

This command provides an initial guess of the parameter to be estimated. If neither this
command nor command >> GUESS isused, theinitial guessistaken from the TOUGH2
input file. Theinitial guess is the starting point for the minimization algorithm, to be
distinguished from prior information (see command >>>> PRI OR). Theinitial guesscan
be overwritten by the second-level command >> GUESS.

If command >>>> LOGARI THM is present, theinitial guessisthe logarithm of the
parameter. Similarly, if command >>>> FACTOR ispresent, the initial guess should be a
multiplication factor (default is 1.0).

Example
> PARAMVETER
>> ABSOLUTE perneability
>>> ROCK types: CLAY1 CLAY2 CLAY3 BOUND

>>>> FACTOR

>>>> jnitial GUESS : 1.0

>>>> | s not WEI GHTed : 0.0 (default)
<<<<

>>> ROCK type : SAND1
>>>> LOGARI THM
>>>> PRIOR information : -12.0
>>>> standard DEVI ATI ON: 1.0 order of nmagnitude
<L
<<

>> QUESS, i.e., starting point for optimzation
2 -13.0
<<

See Also
>> @QUESS, >>>> PRI OR, >>>> DEVI ATI ON, >>>> VARI ATI ON
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Command

>>>> HEADER. nskip
or

>>>> SKI P: nskip

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

This command identifies the number of lines to be skipped before reading data. Data reading
starts nskip+1 lines after the command line >>>> DATA, or on the (nskip+1)-th line of the
datafile (see command >>>> DATA). Linescontaining data are skipped using command
>>>> P| CK

Example
> OBSERVATI ON
>> TEMPERATURE
>>> ELEMENTS: ELM 10 + 4
>>>> SKIP: 3 lines before reading data
>>>> DATA [ HOURS]

[ I i
(2) time [h] t enperature conment
() I e e
0. 00 21.3 nmean tenperature prior to test
1.12 21.3 heater turned on
1.15 21.9
1.20 23.4
2.00 32.8 heater turned off
2.10 29.3
2.20 26.7
2. 30 24.1
4. 00 21.6 end of experinment
>>>> standard DEVI ATION. 0.5 degrees C
<KL
<<
<<
See Also

>>>> COLUMN, >>>> DATA, >>>> FORMAT, >>>> Pl CK, >>>> SET (0)

iTOUGH2 COMMAND REFERENCE 82 COMMANDS



Command
HELP (akeyword in combination with any command)

Parent Command

Subcommand

Description

A short message about the command usage is printed to the iTOUGH2 output file if keyword
HELP ispresent onthecommandline. Seealso LI ST and >>> | NDEX for further
support. If command >>> | NPUT isused, the help message can be retrieved without
performing any iTOUGH2 calculations.

Example
> COVPUTATI ON
>> CONVERGE (what does this comrand do? HELP!)
>>> print a LIST of avail abl e conmands,
>>> then stop after INPUT is read (HELP again!)
<<<
<<

See Also
>>> | NDEX, LI ST
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Command
>>> HESSI| AN

Parent Command
>> ERROR
>> JACOBI AN

Subcommand

Description
This command computes afinite difference Hessian matrix H for the error analysis following
optimization. The elementsof H are given by:

m : : 2, O
ij zzz%gdz' (92, —T; 4 4 0
Sof B#P) b bjdbRg

The evaluation of H by means of finite differences requires 2n+n(n-1)/ 2 additional
TOUGH2 simulations, where n isthe number of parameters. By default, the Hessian matrix,
which isthe inverse of the parameter covariance matrix, is approximated by J T nglJ based
on the linearity assumption, i.e., the second derivative term isignored. Evaluating the finite
difference Hessian, which takes into account the non-linearities, provides a means by which to
check the linearity assumption (for another approach see command >>> LI NEARI TY).
This may |ead to a more accurate calculation of the covariance matrix of the estimated
parameters. However, inclusion of the second-derivative term may yield a Hessian matrix
that is not positive definite due to the presence of outliers, strong non-linearities, or the fact
that the minimum has not been detected accurately, i.e., when the positive and negative
residuals r; do not cancel each other. In this case, iTOUGH2 automatically proceeds with the
linearized Hessian which is positive definite by definition.

Example
> COVPUTATI ON
>> ERROR anal ysis shoul d be based on

>>> finite difference approxi mati on of HESSI AN natri x
<<<

See Also
>>> || NEARI TY
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Command
>> | FS

Parent Command
> PARAMETER

Subcommand
>>> MODEL

Description

This command selects as a parameter one of the IFS parameters for describing heterogeneity
(see Doughty [1995]). Anindex | must be provided through command >>>> | NDEX. If
| is positive, the parameter is one of the affine transform entries (variable PIFS(1)). If | is
negative, the parameter is the increment parameter for property field -1 (variable TINC(-1)). If
| islower than -100, the parameter is the smoothing parameter in direction (-1-100) (variable
SMOOQOTH(-1-100)).

Example
> PARAMETER
>> | FS par anet er
>>> MODEL
>>>> ANNOTATI ON: Diag. elenents of B
>>>> | NDEX 14
>>>> LOGARI THM
<<<<
>>> MODEL
>>>> ANNOTATI ON: | ncr ement
>>>> | NDEX -1
>>>> VALUE
<<<<
>>> MODEL
>>>> ANNOTATI ON: Snmoothing in X- and Y direction
>>>> | NDEX : -101 -102
>>>> FACTOR
<<<<
<<<
<<
See Also
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Command
>>> | NCOVPLETE: nax_i nconpl et e

Parent Command
>> CONVERGE

Subcommand

Description

A successful iTOUGH2 run is based on the robustness and stability of the underlying TOUGH2
simulation. It istherefore imperative to develop a TOUGH2 model that is capable of
completing the desired simulation for avariety of parameter combinations. The simulation
must reach the time of the last calibration point, i.e., a premature termination due to
convergence failures is not acceptable. The number of potential convergence failures or
errors leading to premature termination islarge. The type of convergence failure isindicated
inthe i TOUGH2 output file. It isusualy impossible to continue the optimization process after
a convergence failure. However, in some casesiTOUGH2 is able to retrieve information from
aprevious simulation, which allowsit to continue the inversion despite an incomplete run.
iTOUGH?2 aways terminates if an incomplete run is encountered during the first evaluation of
the Jacobian. The maximum number of incomplete simulations to be accepted by iTOUGH2
can be set by variable max_incomplete (default: 5). However, one should not rely on
inversions that contain incomplete TOUGH2 runs.

Notethat if option >>> STEADY- STATE isinvoked, all incomplete simulations are
accepted by iTOUGH2 assuming that steady-state conditions have been reached.

Example
> COWVPUTATI ON
>> TOLERANCE
>>> perform: 10 | TERATI ONS
>>> or stop if : 250 TOUGH2 SI MULATI ONS are executed

>>> accept : 10 | NCOWLETE runs, if possible
<<

<<

See Also
>>> STEADY- STATE
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Command
>>> | NDEX

Parent Command
>> OUTPUT

Subcommand

Description
Prints the iTOUGH2 command index to the iTOUGH2 output file.

Example
> COVPUTATI ON
>> OUTPUT

>>> print command | NDEX
<<<
<<

See Also
LI ST, HELP
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Command

>>>> | NDEX: index (index_i...)

or

>>>> PARAMETER: index (index_i...)

Parent Command
most third-level commandsin block > PARAMETER

Subcommand

Description

This command provides alist of integers for further parameter specification. The integers are
usually indexes of TOUGH2 arrays, such as IPARin arrays CP(IPARNMAT) or RPD(IPAR),
selecting the IPAR-th parameter of the capillary pressure or default relative permeability
function, respectively. If multiple indexes are provided, a single parameter will be estimated
and assigned to all the corresponding array elements.

Example
> PARAMVETER
>> estimate 2nd paraneter of default CAPI LLARY
pressure function
>>> DEFAULT
>>>> PARAMETER CPD. 2
<<<<
<<<

>> optimze generation RATE of "huff & puff" system
>>> SOURCE: WEL 1

>>>> ANNOTATI ON : Injection
>>>> | NDEX of array F2 : 1 357 9
<<<<

>>> SOURCE: WEL 1
>>>> ANNOTATI ON : Punpi ng
>>>> | NDEX of array F2 : 2 4 6 8 10
<<<<

<<<

<<
See Also
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Command

>>>> | NDEX: index (index_i...)

or

>>>> PARAMETER: index (index_i...)

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description
This command provides alist of integers for further specification of user-specified
observations (see command >> USER ( 0)).

Example
(see command >> USER (0))

See Also
>> USER( 0)
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Command
>> | NI TIAL (PRESSURE/ : i pv)

Parent Command
> PARAMETER

Subcommand
>>> DEFAULT
>>> MATERI AL

Description

This command selects as a parameter theinitial condition for al grid blocks associated with a
certain rock type (TOUGH2 variable DEPU( i pv) ) or default initial condition (TOUGH2
variable DEP( i pv) ). Since boundary conditions are specified asinitial conditions for
inactive grid blocks or grid blocks with alarge volume, this command can also be used to
estimate boundary conditions. Initial conditions estimates cannot be provided for individual
elements unless they have a unique material name associated with them. Estimating the first
primary variable can be selected using keyword PRESSURE. All the other primary
variables must be identified by number, i.e. by an integer ipv that follows a colon on the
command line. Alternatively, ipv can be provided through command >>>> | NDEX. The
initial guess for the parameter is taken from TOUGH2 block PARAM .4, or should be provided
by using commands >> GUESS or >>>> GUESS or >>>> PRI OR

Example
> PARAMETER
>> | NI TI AL PRESSURE
>>> MATERI AL: BOUND
>>>> ANNOTATI ON: Boundary Pressure

>>>> scal e pressures on boundary by constant FACTOR
<KL

<<

>> |NITIAL condition for prlrrary variable No.: 2

>>> NMATERI AL : SAND1 DEFAU
>>>> ANNOTATI ON : Initial Saturation
>>>> VALUE
>>>> jnitial QGQJESS : 10.4
>>>> adm ssi bl e RANGE: 10. 01 10. 99
<LK

<<<

<<
See Also
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Command
>>> | NPUT

Parent Command
>> CONVERGE

Subcommand

Description

This command makesiTOUGH2 stop immediately after the TOUGH2 and iTOUGH2 input files
have been read and checked for consistency. Thisis useful to check input before time
consuming simulations are invoked, or in combination with LI ST, HELP, and

>>> | NDEX.

Example

> COVPUTATI ON
>> print LIST of avail able commands on this comand | evel
>> CONVERGE (print HELP nessage to i TOUGH2 output file and

>>> stop imediately after INPUT is read)
<<<
<<

See Also
>>> | NDEX, HELP, LI ST
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Command
>>> | NTERFACE: elem 1 elem2 (elemi elemj ...) (+ iplus)

Parent Command
>> FLOW

Subcommand
any fourth-level command in block > OBSERVATI ON

Description
(synonym for command >>> CONNECTI ON)

Example
(see command >>> CONNECTI ON)

See Also
>> CONNECTI ON
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Command
>>> | TERATION: max_iter

Parent Command
>> CONVERGE

Subcommand

Description

This command sets the maximum number of iTOUGH2 iterations to max _iter. If using the
Levenberg-Marqguardt minimization algorithm, an iTOUGH?2 iteration consists of a number of
TOUGH2 simulations and includes the following steps:

(1) solution of the forward problem,

(2) evauation of the Jacobian matrix (requiring n or 2n TOUGH2 simulations depending
on whether aforward or centered finite difference quotient is requested, see command
>> JACOBI AN),

(3) updating of the parameter vector (see also command >>> STEP),

(4) check run(s) to see whether the new parameter set leads to a reduction of the objective
function; if not, go back to step 3.

If the objective function is successfully reduced, the iteration is completed, and the last check
run is used as the solution of the forward problem (step (1) above) for the next iteration. By
default, new iterations are performed until one of the following convergence criteriais met
(note that different convergence criteria apply if options other than Levenberg-Marquardt
optimization are used):

(1) the maximum number of TOUGH?2 simulationsis reached (see command
>>> S| MULATI ON),

(2) the maximum number of incomplete TOUGH2 simulations is reached (see command
>>> | NCOWPLETE),

(3) thescaled step sizeis smaller than the minimum relative step size = 109,
(4) dl parametersare at their user-specified bounds,
(5) theobjective function is smaller than the relative function tolerance,

(6) the maximum number of unsuccessful uphill stepsis exceeded (see command
>>> UPHI LL),

(7) the Levenberg parameter exceeds 1012,
(8) the norm of the gradient vector is smaller than 10-3 (optimality criterion).
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In most cases, however, it is sufficient to stop the inversion after afew iterations because no
significant fit improvement is obtained after about 5 to 15 iterations. Generally more
iterations are required with increasing number of parameters and stronger non-linearities of
the flow problem.

The progress of the objective function reduction can be observed by typing the command
prista (seeunix script file prista), and inversion can be terminated using the ki t
command (see unix script file kit).

It is suggested to perform asingle iTOUGH2 iteration or to use option >> SENSI Tl VI TY
ANALYSI S prior to running afull inversion in order to check the relative importance and
sensitivity of each parameter, the parameter step size, theinitial value of the Levenberg
parameter, etc.

Example
> COVPUTATI ON
>> STOP after
>>> . 6 | TERATI ONS
<<<
<<

See Also
>>> SENSI TI VI TY, >>> CENTERED, >>> FORWARD, >>> | NCOVWPLETE, >>>
SI MULATI ON, >>> UPHI LL
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Command
>>>> | TERATION: nmax_iter

Parent Command
>>> ANNEAL

Subcommand

Description
This command limits the maximum number of iterations performed by the Simulated
Annealing minimization algorithm. An iteration is completed if:

(1)  the maximum number of steps Mg, on atemperature level is reached (see command
>>>> STEP (a)),or

(2) theobjective function has been reduced 0.2 Mg, times

Each iteration is followed by areduction of the control parameter 7 (temperature) according
to the annealing schedule (see command >>>> SCHEDULE).

Example
> COVPUTATI ON
>> OPTI ON
>>> Si mul at ed ANNEALI ng
>>>> paxi mum nunber of | TERATIONS: 100
>>>> paxi mum nunber of STEPS: 50
>>>> anneal i ng SCHEDULE: 0. 95
>>>> jnitial TEMPERATURE: -0.02
<<<<
<<<
<<

See Also
>>>> STEP (a), >>>> SCHEDULE
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Command
>>>> | TERATION: niter

Parent Command
>>> SELECT

Subcommand

Description

This command defines the number of iterations after which the criteriafor automatic
parameter selection is reevaluated (see commands >>>> CORRELATI ON and

>>>> SENSI Tl VI TY).

A full Jacobian matrix is evaluated every multiple of niter iterations. Inintermediate
iterations, only the columns of the Jacobian corresponding to the selected parameters are
updated.

Example
> COVPUTATI ON
>> OPTI ON
>>> SELECT paraneter autonmatically every
>>>> . 3 | TERATI ONS
>>>> using SENSITIVITY criterion with rsens : -0.10
<<<<
<<<
<<

See Also
>>>> CORRELATI ON, >>>> SENSITIVITY
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Command
>> JACOBI AN

Parent Command
> COVPUTATI ON

Subcommand
>>> CENTERED
>>> FORWARD
>>> HESSI AN
>>> L| ST

>>> PERTURB

Description

Thisisthe parent command of a number of subcommands that deal with the calculation of the
Jacobian matrix J. The elements of the Jacobian matrix are the partial derivatives of the
system response at the calibration points with respect to the parameters to be estimated:

3. = (iri __é(Zi *_Zi) — éZi

"y 2y 2y

The Jacobian matrix discussed here must be distinguished from the one cal culated in the
simulation program TOUGH2. The latter is used to solve the set of non-linear algebraic
iterations arising at each time step; its elements are the partia derivatives of the mass
residuals with respect to the primary variables, and its numerical computation is controlled by
the TOUGH2 variable DFAC.

Example
> COVPUTATI ON. . .
>> .. .of the JACOBIAN matrix is perforned using..
>>> FORWARD finite difference quotients for: 3
iterations before swtching to centered finite
di fference quotients.
>>> Paraneter PERTURBation factor is: 1 % (default)
<<

<<

See Also
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Command
>>> JACOBI AN

Parent Command
>> OUTPUT

Subcommand

Description
This command prints the Jacobian matrix after each iteration. By default, the (scal ed)
Jacobian matrix is printed only once at the end of the optimization.

Example
> COVPUTATI ON
>> OUTPUT
>>> print JACOBl an after each iteration.
<<<
<<

See Also
>>> RESI DUAL
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Command
>> KLI NKENBERG

Parent Command
> PARAMETER

Subcommand
>>> NMATERI AL

Description
This command selects as a parameter the Klinkenberg dlip factor (TOUGH2 variable
GK( NVAT) ).

Example
> PARAMETER
>> KLI NKENBERG sl ip factor
>>> ROCK type ;. GRANI

>>>> LOGARI THM
>>>> RANGE o 1.
>>>> VARI ATION : 1.
<<<<

0 10.0
0

<<
<<

See Also
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Command
>>> L1- ESTI MATOR

Parent Command
>> OPTI ON

Subcommand

Description
This command selects the L 1-estimator, i.e., the objective function to be minimized is the sum
of the weighted absolute residuals.

ri |

1=1 |

Minimizing the mean absolute deviation leads to a maximum-likelihood estimate if the errors
follow a double exponential distribution.

p(r) = Z—;expﬁ ‘;—‘E

The L 1-estimator should be used, for example, to minimize a cost function for the
optimization of a cleanup operation. Furthermore, it can be used whenever the objective
function of interest isalinear function of the model output (e.g., in asensitivity analysis using
command >>> OBJECTI VE inblock >> OPTI ON).

Note that this objective function is usually minimized using the L evenberg-Marquardt
algorithm, which is designed for a quadratic objective function. Minimization is therefore
rather inefficient, requiring more iterations and a high initial Levenberg parameter.

Example
> COVPUTATI ON
>> OPTI ON
>>> use L1-ESTI MATOR, then draw contours of the
>>> OBJECTI VE function based on: 10 points

al ong each axis of the paraneter space
<<
<<

See Also
>>> ANDREWS, >>> CAUCHY, >>> LEAST- SQUARES,
>>> QUADRATI C- LI NEAR
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Command
>> LAG

Parent Command
> PARAMETER

Subcommand
>>> NONE
>>> SET

Description
This command selects as a parameter a constant lag, shifting datain time. Thetimelagis
applied to the output that refers to a specific data set:

Z(t) = ZroycH 2 (t +1ag)

Here, t istime, lag is the estimated time lag in seconds, and zrgygH 2 i1Sthe TOUGH2 output.
Theresult z iscompared to the measurement z* of the corresponding data set.

A single data set isidentified by number using command >>> SET ( p) ; multiple data sets
are specified with command >>>> | NDEX (p).

If the lag is known, i.e., does not need to be estimated, use command >>>> SHI FT TI ME,
asubcommand of > OBSERVATI ON.

Example
> PARAMETER
>> LAG
>>> NONE
>>>> ANNOTATION: tine |ag
>>>> |[NDEX: 1 2 3
>>>> GQUESS: 300 sec.
<<
<<<
<<
See Also

>> DRI FT, >> FACTOR, >> SHI FT, >>> SET (p), >>>> | NDEX(p),
>>>> SHI FT
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Command
>>> LATI N HYPERCUBE SAMPLI NG ( MATRI X: ndi m (i TOUGH2))
( CORRELATI QN COVARI ANCE)

Parent Command
>> ERROR

Subcommand

Description

This command must be used in combination with command >>> MONTE CARLO to
invoke stochastic simulations of correlated or uncorrelated parameters using Latin Hypercube
Sampling (LHS). LHS isavariant of Monte Carlo simulations to quantify the uncertainty of
model predictions as aresult of parameter uncertainty. Many parameter sets are generated,
following a predefined covariance matrix C ,, describing uncertainty of selected input
parameters. LHS is an efficient sampling strategy where the probability density functions of
the input parameters are subdivided into sections of equal probability 1/ nyc, with nyc
being the number of Monte Carlo simulations. Use command >>>> RANGE to defined the
lower and upper cutoff of the parameter’ s probability density function. The sampled
parameter values are then randomly combined to yield parameter sets that follow the
predefined correlation structure. Details can be found in Zhang and Pinder [2003].

If none of the keywords COVARI ANCE, CORRELATI ON, or MATRI Xis present, LHS uses
the standard deviations provided in block > PARAMETER and assumes that the input
parameters are uncorrelated. If parameter correlations are to be considered, matrix C ,, must
supplied using one of the following options:

(1)  Provideindices and elementsof C,,. Example:

>>> LATI N HYPERCUBE SAMPLI NG honor COVARI ANCES
1 1 0.80643E-04
2 2 0.71921E-04
2 1 0.64412E-04

Use keyword CORRELATI ON if off-diagonal term is correlation coefficient instead of
covariance. Example:

>>> LATI N HYPERCUBE SAMPLI NG, honor CORRELATI ON coeffi cent
1 1 0.80643E-04
2 2 0.71921E-04
2 1 0.864
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(2) Providekeyword MATRI X, followed by a colon and the dimension ndim of the square
matrix C ;. Thelower triangle of the covariance matrix is then provided on exactly
ndim additional lines. If keyword CORRELATI ON is present, the off-diagonal terms
represent correlation coefficients rather than covariances. Example:

>>> LATI N HYPERCUBE, di nensi on of CORRELATI ON MATRI X: 4

9.1234
-0. 67 0. 00413
0. 80 0.213 1. 3E-6
0. 50 -0. 155 0. 90 4. 3E12

(3) If calculated during a previous iTOUGH2 inversion, the covariance matrix can be taken
from the iTOUGH2 output file and directly copied after the command line. This option
isinvoked by keyword i TOUGH2. The matrix will be read by formatted input, soitis
crucia that the correct format is maintained. If ndimis greater than 6, the matrix is
split in multiple submatrices. All submatrices must be copied exactly asthey were
printed to theiTOUGH2 output file. Example:

>>> LATI N HYPERCUBE, MATRI X of dim: 3 in i TOUGH2 format

| og(abs. perm) PORCSI TY SAND Gas entrapped
| og(abs. perm) . 80643E- 04 . 846 -.253
PORCSI TY SAND . 64412E- 04 . 71921E- 04 -.500
Gas entrapped -.52623E- 05 - . 98296E- 05 . 53843E- 05
Example
> COMPUTATI ON
>> STOP
>>> nunber of Monte Carl o SI MULATI ONS: 20
<<<

>> ERROR propagation anal ysis
>>> MONTE CARLO sinul ati ons, SEED nunber: 777
>>> LATI N HYPERCUBE, di nension of CORRELATI ON MATRI X: 3

9.1234
-0.67 0. 00413
0. 80 0.213 1.3E-6
<K<
<<
See Also

>>> FOSM >>> EMPI Rl CAL ORTHOGONAL FUNCTI ONS, >>> MONTE CARLO
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Command
>>> LEAST- SQUARES

Parent Command
>> OPTI ON

Subcommand

Description
This command sel ects | east-squares optimization, i.e., the objective function to be minimized
is the sum of the squared weighted residuals.

S:rTcgzlrzg i g
Sl

Minimizing the squared weighted residuals leads to a maximum-likelihood estimate if the
errors are normally distributed with zero mean and covariance matrix C, :

#(r)=(2m) ™2|C 5| exp[H—%rTcgzlr [H

L east-squares estimation is the default. If outliers are more prominent than described by the
tail of the normal distribution, one may want to use one of the robust estimators to reduce the
weight of outliers or even eliminate them (see commands >>> ANDREWS, >>> CAUCHY,
or >>> QUADRATI C- LI NEAR).

The least-squares objective function is a quadratic function if the residuals depend linearly on
the parameters; it is nearly-quadratic for anon-linear model. The Levenberg-Marquardt
algorithm is best suited to minimize the non-linear | east-squares objective function.

Example
> COVPUTATI ON
>> OPTI ON

>>> use LEAST- SQUARES
<

<<

See Also
>>> ANDREWS, >>> CAUCHY, >>> L1-ESTI MATOR,
>>> QUADRATI C- LI NEAR
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Command
>>> |LEVENBERG | anbda

Parent Command
>> CONVERGE

Subcommand

Description

This command sets the initial value of the Levenberg parameter A (default: 0.001). During
the optimization process (see command >>> LEVENBERG MARQUARDT), the Levenberg
parameter is divided by the Marquardt parameter v (see command >>> MARQUARDT) after
each successful iteration, and is multiplied by v if the new parameter set |eads to an increased
value of the objective function, i.e., if an unsuccessful step was proposed.

A big valuefor A meansthat asmall step along the steepest descent direction is performed.

A A vaueof zeroisequivalent to a Gauss-Newton step. The former isrobust but inefficient,
the latter has a quadratic convergence rate but may lead to unsuccessful steps.

Example
> COVPUTATI ON
>> CONVERGE
>>> maxi mum nunber of | TERATI ONS: 10
>>> set initial LEVENBERG paranmeter to: 0.1 to nake a
safe first step
<<<
<<

See Also
>>> MARQUARDT
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Command
>>> LEVENBERG MARQUARDT

Parent Command
>> OPTI ON

Subcommand

Description

This command selects the L evenberg-Marquardt al gorithm to minimize the objective
function. Thisisthe default minimization algorithm. The Levenberg-Marquardt algorithm
combines the robustness of a steepest descent method with the efficiency of a Gauss-Newton
step (see command >>> GAUSS- NEWTON):

- -1 =
Ap = (JTczzlJ +/\D) JTcar

where D isadiagonal matrix with elements D;; =(J7C,1J);;.

The Levenberg-Marquardt method switches continuously from a gradient method (large A,
see command >>> LEVENBERG) far from the minimum to a Gauss-Newton step as the
minimum is approached and A is reduced.

Example
> COWVPUTATI ON
>> OPTI ON
>>> use LEVENBERG MARQUARDT al gorithm (default)
<
>> CONVERGE
>>> initial LEVENBGERG paraneter |anmbda is: 0.001
(defaul t)

>>> MARQUARDT paraneter nue is: 10.000 (default)
<<<

<<

See Also
>>> ANNEAL, >>> GAUSS- NEWTON, >>> GRI D SEARCH, >>>S| MPLEX,
>>> LEVENBERG, >>> MARQUARDT
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Command
>>> LINEARITY (: alpha (%)

Parent Command
>> ERROR

Subcommand

Description
The covariance matrix of the estimated parameters, C
anaysis:

pp» IS calculated using linear error

Cpp=s607CZN™

The confidence region around the estimated parameter set for the linearized case consists of
those values p for which

(P-P)" Cpp(P-P) <NFymnia

where p isthe parameter vector at the optimum. The covariance matrix C pp approximates
the actual surface of the objective function at its minimum by atangent hyperellipsoid under
the assumption of normality and linearity. If the model is nonlinear, the coverage of the
confidence region by the linear approximation may be very poor with respect to both its size
and its shape.

When using this command, it is assumed that the shape of the confidence region is close to
ellipsoidal, and that the orientation of the hyperellipsoid in the n-dimensional parameter
space is accurately obtained from the linear error analysis. Then, by only adjusting the size of
the hyperellipsoid, we can better approximate the confidence region without losing the
advantage of producing easily understandable results, which are also simple to report. The
procedure adopted here is based on a comparison of the actual objective function with the
results from the linear approximation at discrete pointsin the parameter space. These test
points p are located along the main axis of the hyperellipsoid, i.e.:

23U =1

5it =p£(n |:Fn,m—n,l—
Here, p;, aretwo test parameter setson the i -th axis, the direction of which is given by the
eigenvector u; of the covariance matrix C ,,. The dlstancefrom the optimal parameter set p
isselected as a multiple of the correspondi ng e|genval ue a1 and the quantile of the F -
distribution. This means that the correction is tailored to approximate the confidence region
on acertain confidence level 1-a . The eigenvalues a? ,which determine the length of the
semiaxis, are now corrected as follows:
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with
_ n EI:n,m—n,l—a

M = 56 - S0)

Finally, the new covariance matrix is back-cal culated from the eigenvectors u; and the
updated eigenvalues a’2.

This correction procedure requires 2n additional solutions of the direct problem and is thus
relatively inexpensive. While the resulting confidence region is ellipsoidal by definition, the
differences between S(p;,) and S(p,_) provide, as abyproduct of the correction procedure,
some insight into the asymmetry of the true confidence region.

The user may specify a or 1-a in % or the quantile (n EFn,m_n,l_a)”2 directly (by omitting
% on the command line).

Note that the correction procedure failsif the minimum is not accurately identified. Inthis
case iTOUGH2 automatically proceeds with the covariance matrix from the linear error
anaysis.

Example
> COVPUTATI ON
>> ERROR anal ysi s
>>> cal culate finite difference HESSI AN and then
>>> check LI NEARI TY assunption on: 95 % confidence | evel
<<
<<

See Also
>>> HESS| AN
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Command
LI ST (availableon al command levels)

Parent Command

Subcommand

Description

This command provides alist of all available commands on the corresponding command
level. Thelist contains the actual upper case spelling of the command as interpreted by the
program. Potential keywords are not listed. A completelist of all commands can be obtained
with command >>> command | NDEX.

Example
> LI ST
> COVPUTATI ON
>> STOP after
>>> | NPUT
<<
<<
<

Thefollowing list is printed to the iTOUGH2 output file showing any first-level command:

:**** LI ST OF COMVANDS ***** on level 1:

OPTI ON
COVPUTATI ON
PARANVETER
OBSERVATI ON
VEASUREMENT

k%% || ST OF COVMANDS *****

VVVVVA

*
*
*
*
*
*
*

See Also
>>> | NDEX, >>> | NPUT
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Command
>>>> LOGARI THM

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description
The parameter p to be estimated is the logarithm of the TOUGH2 parameter X :

p=10gs0(X)~ X =10P

Estimation of logarithmsis recommended if the parameter is expected to vary over alarge
range of values, suggesting alog-normal distribution of its estimate. Note that all quantities
referring to this parameter are also in log-space (e.g., range, standard deviation, step length,
etc.). Estimating the logarithm is chosen her eover estimating the parameter value directly
(command >>>> VALUE), estimating a multiplication factor (command >>>> FACTOR
(p)), or estimating alog-normally distributed multiplication factor (command

>>>> LOG F).

Example
> PARAMVETER
>> ABSOLUTE perneability
>>> MATERI AL: SAND1
>>>> estimate LOGARI THM

>>>> jnitial GUESS : -12.0 = 1 darcy

>>>> admi ssible RANGE : -15.0 -9.0 in |log space
>>>> standard DEVI ATI ON : 1.0 order of magnitude
>>>> maxi num STEP size 0.5 |l og-cycl es

<<<<

<<<
<<
See Also

>>>> FACTOR (p), >>>> LOEF F), >>>> VALUE
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Command
>>>> LOGARI THM

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

This command takes the logarithm (base 10) of an observable variable. The corresponding
measurement error is assumed to be log-normally distributed. Taking the logarithm is
suggested when the observation assumes values over many orders of magnitude (e.g.,
concentration, water potential). Note that this option emphasi zes the importance of smaller
values of the variable, and is not applicable to data sets that contain zero measurements.

Example
> OBSERVATI ON
>> CAPI LLARY PRESSURE
>>> ELEMENT: TP__ 1
>>>> first take the ABSOLUTE val ue and
>>>> then the LOGARI THM
>>>> standard DEVIATION of log: 1.0
>>>> DATA on FILE: wp. dat
<<<<
<<<
<<

See Also

iTOUGH2 COMMAND REFERENCE 111 COMMANDS



Command
>>>> LOGE F)

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description
The parameter to be estimated is alog-normally distributed factor with which theinitial
TOUGH2 parameter value is multiplied:

p= |0910(X/Xo)‘:’ X =10P X,

Here, p isthe estimated parameter, X isthe TOUGH2 parameter, and X istheinitia value
of the TOUGH2 parameter. This option is useful to determine the mean of alog-normally
distributed quantity while maintaining ratios (e.g., if estimating a common factor applied to all
three permeability values in amodel domain, the anisotropy ratio remains constant).
Estimating afactor is chosen here over estimating the parameter value directly (command
>>>> VALUE) or itslogarithm (command >>>> LOGARI THM ( p) ).

Example
> PARAMVETER
>> ABSOLUTE perneability
>>> MATERI AL: SAND1 SAND2 SAND3 SAND4 SAND5
>>>> estimate LOG F)

>>>> | NDEX 123
>>>> jnitial GUESS: 0.0 (default)
>>>> RANGE . -3.0 3.0
<<<<
<<<
<<
See Also

>>>> LOGARI THM (p), >>>> FACTOR >>>> VALUE
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Command
>>> MARQUARDT: nue

Parent Command
>> CONVERGE

Subcommand

Description

This command sets the Marquardt parameter v (default: 10.0). During the optimization
process, the Levenberg parameter A (see command >>> LEVENBERG) will be divided by
the Marquardt parameter v after each successful iteration, and it will be multiplied by v if
the new parameter set leads to an increased value of the objective function, i.e., if an
unsuccessful step was proposed.

A big valuefor A meansthat asmall step along the gradient direction is performed. A A
value of zero is equivaent to a Gauss-Newton step. The former is robust but inefficient, the
latter has a quadratic convergence rate but may lead to unsuccessful steps.

The Marquardt parameter therefore determines how fast the step size and step direction
changes from steepest descent to Gauss-Newton and vice versa.

Example
> COVPUTATI ON
>> CONVERGE
>>> maxi mum nunber of | TERATI ONS: 10
>>> set initial LEVENBERG paranmeter to: 0.1 to nake a
safe first step
>>> MARQUARDT paraneter : 2.0 (slow change to

Gauss- Newt on st eps)
<<

<<

See Also
>>> |LEVENBERG
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Command
>> MASS FRACTI ON (conp_nane/ COVPONENT: i conp)
(phase_nane/ PHASE: i phase)

Parent Command
> OBSERVATI ON

Subcommand
>>> ELEMENT

Description

This command selects as an observation type the mass fraction of component icomp in phase
iphase. This observation type refers to one or more elements.

Component number icomp or component name comp_name, and phase number iphase or
phase name phase_name depend on the EOS module being used. They arelisted in the
iTOUGH2 header, and can be specified either on the command line or using the two
subcommands >>>> COVPONENT and >>>> PHASE, respectively.

Example
> OBSERVATI ON
>> MASS FRACTION of BRINE in LI QU D
>>> ELEMENT: Al 1

or

> OBSERVATI ON
>> MASS FRACTI ON of COVPONENT No.: 2 in PHASE No.: 2
>>> ELEMENT: Al 1

or

> OBSERVATI ON
>> MASS FRACTI ON
>>> ELEMENT: Al 1
>>>> COVPONENT: 2
>>>> PHASE 2
See Also
>> CONCENTRATI ON
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Command

>>> MATERI AL: mat _name (mat_nanme_ i ...) (+ iplus)
or

>>> ROCKS : mat_nane (mat_nanme_i ...) (+ iplus)

Parent Command
any second-level command in block > PARAMETER referring to amaterial name

Subcommand
any fourth-level command in block > PARAMETER

Description

This command identifies material names (TOUGH2 variable MAT). Most parameters refer to
aparticular material, i.e., they are specified in TOUGH2 in block ROCKS. Rock types are
designated by afive-character code name. Blanksin the material name must be replaced by
underscores (e.g., if MAT in TOUGH2 reads’CLAY ', mat_name must read 'CLAY ).

If multiple material names are provided, the estimate of the corresponding parameter will be
jointly assigned to all listed materials. If distinct parameters are sought for each rock type,
separate >>> MATERI AL blocks must be defined. Default properties (i.e., for parameters
referring to TOUGH2 blocks PARAM .4 and RPCAP) can be selected either by

>>> DEFAULT or >>> MATERI AL: DEFAU. If the last two characters of the last
mat_name are integers, a sequence of iplus material names can be generated. The following
two command lines are thus identical :

>>> MATERI AL: BOREH ROCL0 ROC 1 +4
>>> MATERI AL: BOREH ROC_1 ROC 2 ROC 3 ROC 4 ROC 5 ROCLO

Example
> PARAMVETER
>> ABSCOLUTE perneability
>>> NMATERI AL: BOUND BOREH SAN 1 +2
>>>> LOGARI THM
<L

<<<
>> | NI TI AL PRESSURE
>>> NMATERI AL: BOREH
>>>> ANNOTATI ON: Pi borehol e
<LK
>>> NMATERI AL: BOUND DEFAU

>>>> ANNOTATI ON: Pi el sewhere
<KL

See Also
>>> DEFAULT, >>> MODEL
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Command
>>>> MEAN (VOLUME)

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description
(synonym for command >>>> AVERAGE)

Example
(see command >>>> AVERAGE)

See Also
>>>> AVERAGE
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Command
>> M NC

Parent Command
> PARAMETER

Subcommand
>>> MODEL

Description

This command selects as a parameter the fracture spacing which is a parameter of the MINC
preprocessor (TOUGH2 variable PARM NC( 1) ). Thefracture set isidentified through
command >>>> | NDEX. This parameter refers to the entire model.

Estimating fracture spacing is only possible if the mesh can be generated internally without
further editing by the user. Single elements and connections can be modified, however, by
means of TOUGH2 commands ELEM2 and CONNZ2, respectively. For example, if ameshis
generated using MESHMAKER and MINC, the volumes of individual boundary elements can
be adjusted in the ELEM 2 block, i.e., avoiding the need for external editing.

Example
> PARAMVETER
>> M NC par anet er
>>> MODEL
>>>> ANNOTATI ON: Fracture spaci ng
>>>> | NDEX : 123 (one value for all
three fracture sets)
>>>> QUESS : 50.0 [m
>>>> DEVI ATION : 10.0 [n]
<<<<
<<<
<<

See Also

iTOUGH2 COMMAND REFERENCE 117 COMMANDS



Command
>>> MODEL
or

>>> NONE

Parent Command
any second-level command in block > PARAMETER or > OBSERVATI ON addressing
parameters or observations that refer to the entire model domain or a non-specific item.

Subcommand
any fourth-level command in block > PARAMETER or > OBSERVATI ON, respectively.

Description

Most parameters refer to arock type or code name of asink or source. Some parameters,
however, are general or associated with the entire model domain. Similarly, while most
observations refer to an element, connection, or sink/source, there are observation types that
are not associated with a well-defined point in space. The commands >>> MODEL or
>>> NONE are dummy commands, i.e. place holders on the third command level for
parameter and observation types not further specified by one of the other third-level
commands.

Example
> PARAMETER
>> SELEC par aneter
>>> NONE
>>>> ANNOTATI ON: CGel Density (EOCS11)
>>>> | NDEX D2
>>>> VALUE
<<<<
<<<
<<

> OBSERVATI ON
>> TOTAL MASS of PHASE: 2
>>> refers to entire MODEL

>>>> ANNOTATION : Mass of liquid
>>>> DATA on FILE : |iquid. dat
>>>> DEVI ATI ON : 0.01 [kdq]
<<<
<<
See Also

>>> ELEMENT, >>> CONNECTI QN, >>> DEFAULT, >>> MATERI AL,
>>> SET, >>> SOURCE
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Command
>> MOMENT ( FI RST/ SECOND) ( X/ Y/ Z) (conp_nanme/ COVPONENT: i conp)
(phase_nane/ PHASE: i phase)

Parent Command
> OBSERVATI ON

Subcommand
>>> MODEL

Description

This command selects as an observation type the first or second spatial moment in X, Y, or Z
direction of component icomp or phase iphase. This observation type refersto all elements
with 10,000 > SPHT >0. The X, Y, and Z coordinates of the grid blocks must be givenin
TOUGH2 block ELEME, columns 51-60, 61-70, 71-80, respectively.

Component number icomp or component name comp_name, and phase number iphase or
phase name phase_name depend on the EOS module being used. They arelisted in the
iTOUGH2 header, and can be specified either on the command line or using the two
subcommands >>>> COMPONENT and >>>> PHASE, respectively. If only a phase but
no component is specified, the spatial moment of the indicated phase including all
componentsis calculated. If only acomponent but no phaseis given, the spatial moment of
that component in al phasesis calculated. If both acomponent and a phase are given, the
gpatial moment of the component in the specified phase is calculated.

The spatial moments are calculated as follows:

NEL/ . .
M=y 5 Z(x' Y 2" v W8, Dpg D<Z)
I K n=1 n

where the first sum is taken over the selected phase(s) £ , the second sum is taken over the
selected component(s) « , and the third summation accumul ates the masses of component «
inphase £ from all elementsthat are included in the global mass balance calculation (i.e.,
elements with arock grain specific heat lower than 10" Jkg °C). The massin element n isthe
product of the element volume V,,, the porosity ¢, the saturation Sg, , the phase density

£ - and the mass fraction X7, .

The first moment represents the center of mass coordinates, which are given by

(X) =M100/M o0
(Y) =Mo10/M oo
(Z) =M o1 /Moo

The second moment represents the variances in the three directions given by
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2 _ Moy 2
gy = —(X

X Mog X)
2 _ Mgy 2
Oy =———(Y

Y = Moo, (Y)
> _ Moy /02
UZ_Mooo 2)

This option may be especialy useful for characterizing the location and spreading of a
contaminant or saturation plume. Note that boundary effects may have a strong impact on
spatial moment calculation.

Example
> OBSERVATI ON
>> FI RST MOMVENT (Z-coord.) of TRACER in LI QU D phase
>>> entire MODEL
>>>> ANNOTATI O\ plunme Z coord.
>>>> NO DATA
<<<<
<<<

>> SECOND MOVENT (X-coord.) of TRACER in LI QUI D phase
>>> entire MODEL // (except elenments with SPHT > 10000)
>>>> ANNOTATI ON: transversal spreading
>>>> NO DATA
<
<
<<

See Also
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Command
>>> MONTE CARLO ( SEED: iseed) (GENERATE) (CLASS: ncl ass)

Parent Command
>> ERROR

Subcommand

Description
This command performs Monte Carlo simulations to determine the uncertainty of model
predictions as aresult of parameter uncertainty. The general procedureis as follows:

(1) aprobability distribution is defined for each uncertain parameter;
(2) parameter values are randomly sampled from their respective distributions;
(3) sampled parameter values are randomly combined to obtain a parameter vector;

(4) aTOUGH2 simulation is performed and the results at the specified observation points
are stored,

(5) steps (3) through (4) are repeated;
(6) theensemble of the modeling results can be statistically analyzed.

The type of distribution can be specified for each parameter in the respective parameter
definition block (see command >>>> UNI FORM or >>>> NORMAL). Themeanisgiven
by theinitial guess (see command >>>> GUESS), and the standard deviation by command
>>>> DEVI ATI ON ( p) . Thegenerated parameter valueisreected if outside the specified
range (see command >>>> RANCE).

The number of Monte Carlo simulations, ny,c, must be provided in block >> CONVERGE

using command >>> S| MULATI ON, i.e., by specifying the maximum number of TOUGH2
smulations. The number of Monte Carlo simulations ny,c can be considered sufficient if:

(1) The selected probability density function of the input parameters is reasonably well
approximated by the histogram of the randomly generated parameter values. If
correlations among the parameters are to be included, use Empirical Orthogonal
Functions (command >>> EOF). Keyword GENERATE can be used in combination
with various seed numbers (keyword SEED) and valuesfor nyc (command >>>
SI MULATI ON) to generate histograms of the input parameters without actually
performing Monte Carlo simulations. Once a satisfactory distribution of the input
parameters is achieved, the Monte Carlo simulations can be invoked by simply deleting
keyword GENERATE.

(2) The histogram of the model predictions alows for a statistical analysis. That means that
a sufficient number of realizations (= simulation results) should fall within each interval
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used to calculate probabilities. For example: The probability that TCE concentrations
Crce fall within theinterval [a,b] is approximated by:

number of redlizationsininterval[a,b] _ Nap)
total number of Monte Carlosimulations  nyc

r[a,b] = Pr(aS Crce < b) =

Therefore, the minimum number of Monte Carlo simulations, nyc min» Should be large
enough so that ', ;) remains constant, i.e. independent of ny,c. Thisconditionis
fulfilled for relatively small values of ny,c in the case of intervals around the mean,
where n, p; is usudly large due to the high probability density. However, if we are
interested in the tail of the distribution, for example to calculate the (low) risk that TCE
concentrations exceed a certain standard, then the number of Monte Carlo simulations
required is much higher.

(3 The minimum number of Monte Carlo simulations must be increased if the number of
uncertain parameter increases because more parameter combinations are possible.

(4) From experience, the number of Monte Carlo simulations can be aslow as 50 and as
high as 2000 or greater.

Histograms of the input parameters and output variables as printed to the iTOUGH2 output
file. By default, theinterval between the smallest and highest value is subdivided into /nyc
classes. The number of classes can be changed using keyword CLASS.

The standard plot file contains al output sets from ny,c sSimulations, where each set contains
the model result as afunction of time. A second plot file is generated with "_mc" in thefile
name. In thissecond plot file, each curve represents the ensemble of the model output at one
point in time. Denoting the number of output sets, for which prediction uncertainty isto be
studied, by ng , and the number of times by ny; s, then the standard plot contains nyy thyc
curves, each curve consisting of nyes PoiNts. The second plotfile contains Ngy [ijmes
curves, each consisting of ny,c points.
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Example
> PARAMVETER
>> ABSOLUTE perneability
>>> NMATERI AL : ROCK
>>>> generate NORVAL distribution
>>>> of LOGARI THM

>>>> wth mean (GUESS) : -16.0
>>>> st andard DEVI ATI ON : 1.0
>>>> |in the RANGE . -18.5 -13.5
<<<<

<<<

>> PORCSI TY

>>> MATERI AL : ROCK
>>>> VALUE
>>>> UNl FORM di stri bution
>>>> RANGE : 0.02 0.10
<<<<

<<
<<

> OBSERVATI ON
>> TIMES: 20 EQUALLY spaced in M NUTES
3.0 60.0

>> PRESSURE
>>> ELEMENT: PRE_O
>>>> NO DATA
>>>> WEI GHT: 1.0
<<
<<
<<

> COVPUTATI ON
>> STOP
>>> nunber of Monte Carl o SI MULATIONS: 250
<<
>> ERROR propagation anal ysis
>>> MONTE CARLO ( SEED nunber is: 777)

<<<
<<

See Also

>>> EMP| RI CAL ORTHOGONAL FUNCTI ONS, >>> FOSM

>>> LATI N HYPERCUBE, >>> S| MJULATI ON, >>>> NORMAL, >>>> RANGE

>>>> UNI FORM
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Command
>>> NEW OQUTPUT

Parent Command
>> OUTPUT

Subcommand

Description
This command creates a new TOUGH2 output file with unique file name for each TOUGH2
run. By default, the TOUGH2 output file is overwritten each time a new simulation starts.

Example
> COWVPUTATI ON
>> QOUTPUT
>>> wite to NEW QUTPUT after each TOUGH2 run.
<<<
<<

See Also
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Command
>>> NONE

Parent Command
any second-level command in block > PARAMETER or > OBSERVATI ON addressing
parameters or observations that refer to the entire model domain or a non-specific item.

Subcommand
any fourth-level command in block > PARAMETER or > OBSERVATI ON, respectively.

Description
(synonym for command >>> MODEL)

Example
(see command >>> MODEL)

See Also
>>> MODEL
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Command
>>>> NORVAL

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description
(synonym for command >>>> GAUSS)

Example
(seecommand >>>> GAUSS)

See Also
>>>> GAUSS
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Command
>>> OBJECTI VE

Parent Command
>> OUTPUT

Subcommand

Description

This command prints the value of the objective function after each TOUGH2 simulation. By
default, the value of the objective function is printed to the output file only after completion of
an iTOUGH?2 iteration.

Example
> COVPUTATI ON
>> OUTPUT
>>> al ways print OBJECTI VE function
<<<
<<

See Also
>>> JACOBI AN
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Command
>>> OBJECTIVE: ninvall (ninvali...) (UNSORTED)

Parent Command
>> OPTI ON

Subcommand

Description
(synonym for command >>> GRI D SEARCH)

Example
(seecommand >>> GRI D SEARCH)

See Also
>>> @GRl D SEARCH
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Command
> OBSERVATI ON

Parent Command

Subcommands

>> CONCENTRATI ON
>> CONTENT

>> COVARI ANCE
>> CUMULATI VE
>> DRAVWDOVWN

>> ENTHALPY

>> FLOW

>> GENERATI ON
>> LI ST

>> MASS FRACTI ON
>> MOVENT

>> PRESSURE

>> PRODUCTI ON
>> RESTART Tl ME
>> SECONDARY

>> SATURATI ON
>> TEMPERATURE
>> TI ME (0)

>> TOTAL MASS
>> USER (0)

>> VOLUME

Description

Thisisthefirst-level command for specifying the observations available for use in parameter
estimation. It can also be used to specify the pointsin space and time at which output is
requested for sensitivity analysis, uncertainty propagation analysis, or plotting. The
observations are a subset of all TOUGH2 output variables. Only those variables should be
specified for which data are available. Besides the observations listed above, the user can
specify additional datatypes by means of command >> USER.

The second-level command >> TI ME isused to select calibration pointsin time. The ob-
servation type is specified by the second-level command, the pointsin space are identified by
the third-level command, and further specifications as well as the data themselves are given
through fourth-level commands. The generic structure of a observation block is as follows:
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> OBSERVATI ON
>> specify calibration points in TI M
>> specify observation type
>>> specify | ocation
>>>> provide details
>>>> provi de data
<<<<
<<<
<<

Example
(see examples on second command level)

See Also
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Command
>> OPTI ON

Parent Command
> COVPUTATI ON

Subcommand

>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>

ANDREWS

ANNEAL

CAUCHY

DI RECT

FORWARD

GAUSS- NEWION

GRI D SEARCH

L1- ESTI MATOR
LEAST- SQUARE

L EVENBERG MARQUARDT
LI ST

OBJECTI VE

PVM

QUADRATI C- LI NEAR
SELECT

SENSI TI VI TY

S| MPLEX

STEADY- STATE

Description
Thisisthe parent command of a number of subcommands for selecting iTOUGH2 program
options. By default, iTOUGH2 performs automatic model calibration using the weighted
|east-squares objective function and the Levenberg-Marquardt minimization algorithm.

Example

(see examples on third command level)

See Also
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Command
>> OUTPUT

Parent Command
> COVPUTATI ON

Subcommand

>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>
>>>

BENCHMARK
CHARACTERI STI C
COVARI ANCE
FORVAT

| NDEX

LI ST

JACOBI AN
NEW QUTPUT
OBJECTI VE
PERFORMANCE
PLOTFI LE
PLOTTI NG
SENSI TIVI TY
time_unit
UPDATE

RESI DUAL
VERSI ON

Description
This command specifies the format and amount of printout generated. The iTOUGH2 output
file contains the results usually needed for subsequent interpretation. Additional information
can be requested which may be useful for debugging.

Example

> COVPUTATI ON
>> OUTPUT

>>> CGenerate plot files in : TECPLOT FORVAT

>>> pl ot CHARACTERI STI C curves

>>> print OBJECTIVE function after each TOUGH2 run

>>> print RESIDUALS after each i TOUGH iteration

>>> print the i TOUGH conmand | NDEX

>>> print VERSION control statenents

>>> print wth UPDATE information.

<<

See Also
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Command
>> PARALLEL PLATE

Parent Command
> PARAMETER

Subcommand
>>> NMATERI AL

Description

This command selects as a parameter the aperture of a parallel plate fracture model. The
single fracture must be modeled as a 1D- or 2D model of thickness 1 meter, i.e., aperture must
be identical to porosity. Furthermore, the capillary pressure model must contain a parameter
CP( 2, NVAT) which represents the gas entry pressure (e.g., Brooks-Corey (I CP=10), van
Genuchten (I CP=11)).

The parallel plate model relates porosity ¢ , permeability k [m2], and gas entry pressure Pe
[Pa] to aperture a [m] asfollows:

g =a
_fmd
12
_ 20 cos(¢) _ 0.14366
€ a a

Here, f =1 isfracture frequency [m™], o = 0.07183 [Pal] is the surface tension of water,
and ¢ isthe contact angle which is assumed to be zero. Using this option overwrites the
porosity, absolute permeability and parameter CP( 2, NMAT) given in the TOUGH2Z input
file.

Note that the parallel plate model used here isinconsistent. Using arelative permeability and
capillary pressure function presumes some surface roughness or aperture distribution within
the fracture plane.

Example
> PARAMETER
>> aperture in PARALLEL PLATE fracture nodel
>>> ROCK type . FRACT
>>>> LOGARI THM
>>>> PRIOR information : -4.0 (100 m cron)
>>>> standard DEVI ATI ON: 1.0
>>>> RANGE : -5.0-3.0
<<<<
<<<
See Also
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Command
> PARAMETER

Parent Command

Subcommands

>> ABSOLUTE PERMEABI LI TY
>> BOTTOVHOLE PRESSURE
>> CAPACI TY

>> CAPI LLARY PRESSURE FUNCTI ON
>> COWPRESSI BI LI TY

>> CONDUCTI VI TY

>> DRI FT

>> ENTHALPY

>> FORCHHEI VER

>> GUESS

>> | FS

>> | NI Tl AL

>> KLI NKENBERG

>> LAG

>> LI ST

>> M NC

>> PARALLEL PLATE

>> POROSI TY

>> PRODUCTI VI TY | NDEX

>> PUMPI NG RATI O

>> RATE

>> RELATI VE PERMVEABI LI TY FUNCTI ON
>> SCALE

>> SELEC

>> SHI FT

>> SKI N

>> Tl ME

>> USER

Description

Thisisthefirst-level command to specify the parameters to be estimated. The parametersto
be estimated are a subset of all TOUGH2 input parameters defined in the TOUGH2 input file.
Only those parameters should be specified that are unknown or uncertain; they will be
subjected to the estimation process or uncertainty propagation analysis. Select only those
parameters that are sensitive enough to influence the state variables for which observations
areavailable (seeaso >>> SELECT). Besidesthe parameterslisted above, the user can
specify additional parameters by means of command >> USER.
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The parameter type is specified by the second-level command, the domain it referstois
identified by the third-level command, and further specifications must be provided through a
number of fourth-level commands. The generic structure of a parameter block is as follows:

> PARAMETER
>> specify paranmeter type
>>> specify paraneter domain
>>>> provide details
<KL
<<
<<

Example
(see examples for second-level commands)

See Also
> OBSERVATI ON, > COVPUTATI ON
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Command
>>>> PARAMETER: index (index i...)

Parent Command
any third-level command in block > PARAMETER and > OBSERVATI ON

Subcommand

Description
(synonym for command >>>> | NDEX)

Example
(seecommand >>>> | NDEX)

See Also
>>>> | NDEX
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Command
>>> PERFORMANCE

Parent Command
>> OUTPUT

Subcommand

Description
This command performs a very rough benchmark analysis of computer performance and
prints the relative CPU time requirement as compared to a reference workstation.

Example
> COVPUTATI ON
>> OUTPUT
>>> perf orm PERFORMANCE conpari son
<<<
<<

See Also

iTOUGH2 COMMAND REFERENCE 137 COMMANDS



Command
>>> PERTURB: (-)al pha (%)

Parent Command
>> JACOBI AN

Subcommand

Description

This command specifies the perturbation factor a for numerical computation of the Jacobian
matrix.

The columns of the Jacobian matrix are calculated by perturbing the corresponding parameter
p, by asmall amount ¢p; , and taking either aforward or centered finite difference quotient.

The perturbation is usually afraction of the parameter value itself:

cpi =a

The default value for a is 1 %, which can be changed globally for al parameters using the
third-level command >>> PERTURB, or individually for each parameter using the fourth-
level command >>>> PERTURB. A negative value can be provided to specify a constant
perturbation, independent of parameter value:

%; =|-a

This option is sometimes required for parameters having either very small or very large values
(such asinitial pressure, generation times, or residual gas saturation).

Example
> COVPUTATI ON
>> JACCBI AN
>>> PERTURBati on factor al pha : 0.005 of paraneter val ue
<<<
<<

See Also
>>> FORWARD, >>> CENTERED, >>>> PERTURB
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Command
>>>> PERTURB: (-)al pha (%)

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description

This command specifies the perturbation factor a for numerical computation of the Jacobian
matriX. The columns of the Jacobian matrix are calculated by perturbing the corresponding
parameter p; by asmall amount Zp;, and taking either aforward or centered finite difference
quotient. The perturbation is usually afraction of the parameter value itself:

¢p; = a Ly
The default value fora is 1 %, which can be changed globally for al parameters using the
third-level command >>> PERTURB, or individually for each parameter using the fourth-
level command >>>> PERTURB. A negative value can be provided to specify a constant
perturbation, independent of parameter value:

X =|-a

This option is sometimes required for parameters having either very small or very large values
(such asinitial pressure, generation times, or residual gas saturation).

Example
> PARAMETER
>> TI ME at which production rate changes
>>> SOURCE: WEL_3

>>>> | NDEX of array F1 : 5
>>>> jnitial GUESS . 1. 7E8 seconds
>>>> PERTURB by constant: -3.6E3 seconds
<<<<
<<
<<
> COVPUTATI ON
>> JACOBI AN

>>> all other paraneters are PERTURBed by : 2 %
of their respective val ues
<<
<<

See Also
>>> PERTURB
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Command
>>>> PHASE phase_nane/: iphase

Parent Command
>>> ELEMENT
>>> SOURCE (0)

Subcommand

Description

This command identifies a phase either by its name (phase_name) or the phase number
(iphase). A list of alowable phase names for the given EOS module can be obtained from the
header of the iTOUGH2 output file.

Example
> OBSERVATI ON
>> CONCENTRATI ON
>>> ELEMENT: ZZ799

>>>> ANNOTATI ON: TCE concentrati on
>>>> COVPONENT No.: 3
>>>> di ssol ved in LI QU D PHASE
>>>> DATA on FILE: tce. dat
>>>> standard DEVI ATION: 1. 0E-6
<<<<

<<
<<

See Also
>>>> COVPONENT
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Command
>>>> Pl CK: npi ck

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

This command identifies the number of data points being skipped when reading from along
datafile. Only every npick data pointisread. The default is npick=1, i.e., every data point is
accepted.

Example
> OBSERVATI ON
>> TEMPERATURE
>>> ELEMENTS: ELM 10 + 4
>>>> SKIP: 3 lines before reading data
>>>> PICK only every : 10 data point
>>>> DATA on file: tenp.!log
>>>> standard DEVI ATION. 0.5 degrees C
<KL
<<
<<

See Also
>>>> COLUMN, >>>> DATA, >>>> FORMAT, >>>> SET (0), >>>> SKIP
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Command
>>> PLOTFI LE: format (LIST)

Parent Command
>> OUTPUT

Subcommand

Description
(synonym for command >>> FORMAT (0))

Example
(see command >>> FORMVAT (0))

See Also
>>> FCORVAT (0)
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Command
>>> PLOTTING niter

Parent Command
>> OUTPUT

Subcommand

Description

By default, the plot file contains the observed data (interpolated at the calibration points), as
well as the system response calculated with the initial and final parameter set. Additional
intermediate curves can be requested for visualizing the optimization process. Curves are
generated for every multiple of niter iTOUGH?2 iterations.

Example
> COVPUTATI ON
>> QUTPUT
>>> PLOTTING 1 (plots the cal cul ated system response

after each i TOUGH2 iteration)
<<<

<<

See Also
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Command
>>>> POLYNOM

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

i degree (tine_unit)

Represents observed data by a polynomial of degree idegree:

idegree )
)=y A

1=0

where t denotes timein time_units (default is seconds), and A are the idegree+1 coefficients
which areread in free format on the lines following the command line.

Example

> OBSERVATI ON

>> LI QUI D FLOW
>>> CONNECTION: Al 1 Al 2

<<

<<

See Also
>>>> DATA, >>>> USER

>>>>
>>>>
>>>>

>>>>
<

TIME SH FT: 5 M NUTES

conversi on FACTOR 1.6667E-02 [kg/ m n] - [kg/sec]
PCLYNOM of degree: 1 (linear function), M NUTES
2.34 -0.03

A0 Al = coefficients of l|inear regression
Through data given in [mn] and
[ kg/ m n]

standard DEVI ATION: 0.01 kg/ mn
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Command
>> POROSI TY

Parent Command
> PARAMETER

Subcommand
>>> NMATERI AL

Description

This command selects as a parameter porosity (TOUGH2 variable POR( NMVAT) ). This
parameter refersto arock type.

Note that the porosity specified in TOUGH2 block ROCKS (variable POR( NIVAT) ) may be
overwritten by non-zero values given in block INCON (variable PORX). However, porosity
values are not overwritten if the element belongs to arock type for which porosity isa
parameter to be estimated, unless a negative vaue for PORX is provided.

Example
> PARAMETER
>> PORCSI TY
>>> ROCK type . CLAY1
>>>> VALUE
>>>> PRIOR information : 0.28
>>>> standard DEVI ATION: 0.05
>>>> RANGE . 0.10 0.50
>>>> PERTURB . -0.01
<<<<
<<<
<<
See Also
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Command
>>> POSTERI ORI

Parent Command
>> ERROR

Subcommand

Description
The estimated error variance sg represents the variance of the mean weighted residual and is
thus a measure of goodness-of-fit:

rTCr

m-n

$2 =

The a posteriori error variance sg or apriori error variance 05 Is used in the subsequent
error analysis. For example, the covariance matrix of the estimated parameters, C ,, is
directly proportional to the scalar sg or o, respectively. Notethat if the residuals are
consistent with the distributional assumption about the measurement errors (i.e., matrix C,, ),
then the estimated error variance assumes a value close to one.

The user must decide whether the error analysis should be based on the a posteriori or a
priori error variance. The decision can aso be delegated to the Fisher Mode] Test (see
command >>> F| SHER). iTOUGH2 usesthe a posteriori error variance s, by default.

Example
> COWVPUTATI ON
>> ERROR anal ysi s
>>> based on A POSTERI ORI error variance
<<

See Also
>>> F| SHER, >>> PRI ORI
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Command
>> PRESSURE ( CAPI LLARY) (phase_name/ PHASE: i phase)

Parent Command
> OBSERVATI ON

Subcommand
>>> ELEMENT

Description

This command selects as an observation type the phase pressure of capillary pressure. This
observation type refers to one or more elements. The phase name phase_name or phase
number iphase, which depend on the EOS module being used, are listed in the header of the
iTOUGHZ output file. They can be specified either on the command line or using subcom-
mand >>>> PHASE. If no phaseis specified, iTOUGH2 takes the pressure of the first phase,
which isusually the reference pressure. The pressure of agiven phaseis calculated as the
sum of the reference pressure and the corresponding capillary pressure.

In atwo-phase system, thereis only one capillary pressure. The capillary pressure can be
selected using keyword CAPI LLARY. In athree-phase system (e.g., gas, NAPL, agqueous
phase), there are two capillary pressures, i.e., the capillary pressure between the NAPL and
the gas phase, and between the agueous and the gas phase, which is the reference phase. The
name of the wetting phase must be provided to identify the particular capillary pressurein the
three-phase system.

Example
> OBSERVATI ON
>> PHAE
>>> ELEMENT: AA 1 + 56
>>>> ANNOTATI ON . Mean gas pressure
>>>> t ake AVERACE of pressures in all 57 elenents
>>>> DATA i n[ M NUTES] on FILE: pres. dat
>>>> VARI ANCE : 1E6 [ Pa"2]
<KL
<<<

>> NAPL CAPI LLARY PRESSURE
>>> ELEMENT: BB 1
>>>> take LOGARI THM of
>>>> ABSOLUTE Pco
>>>> DATA on FI LE : Pco. dat

>>>> DEVI ATI ON : 1 log cycle
<L
<<

See Also
>> DRAVWDOMN
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Command
>>>> PRIOR prior_info

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description

This command provides the prior information of the parameter to be estimated. 1f command
>>>> PRI OR isomitted, the value from the TOUGH2 input file istaken. Prior information
isonly effectiveif astandard deviation is provided (see command

>>>> DEVI ATI ON ( p) ) inwhich case the difference between the parameter estimate and
its prior value is penalized in the objective function. The starting point for the optimization is
given through commands >> GUESS and >>>> GUESS.

If command >>>> LOGARI THM is present, the prior information is the logarithm of the
parameter. Similarly, if command >>>> FACTOR is present, the prior information should
be amultiplication factor (default is 1.0).

Example
> PARAMETER
>> ABSOLUTE perneability
>>> ROCK type : SANDL
>>>> |LOGARI THV
>>>> PRIOR information : -12.0
>>>> standard DEVI ATI ON: 1.0 order of magnitude

<<<<
>>> ROCK types: CLAY1 CLAY2 CLAY3 BOUND
>>>> FACTOR
>>>> jnitial GUESS : 1.0
>>>> | s not WEI GHTed : 0.0 (default)
<<<<
<<<
>> QUESS, i.e., starting point for optimzation
1 -13.0
<<
See Also

>> QUESS, >>>> QUESS, >>>> DEVI ATI ON, >>>> VARI ATI ON
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Command
>>> PRI OR

Parent Command
>> ERROR

Subcommand

Description
The estimated error variance sg represents the variance of the mean weighted residual and is
thus a measure of goodness-of-fit:

rTCr

m-n

$2 =

The a posteriori error variance sg or a priori error variance 05 Is used in the subsequent
error analysis. For example, the covariance matrix of the estimated parameters, C ,, is
directly proportional to the scalar sg or o, respectively. Notethat if the residuals are
consistent with the distributional assumption about the measurement errors (i.e., matrix C,, ),
then the estimated error variance s3 assumes avalue close to one.

The user must decide whether the error analysis should be based on the a posteriori or a
priori error variance. The decision can aso be delegated to the Fisher Model Test (see
command >>> Fl SHER). iTOUGH?2 usesthe a posteriori error variance sg by default.
However, for design calculations or synthetic inversions, the error analysis should be based on
the a priori variance o2 which is 1 by definition.

Example
> COVPUTATI ON
>> ERROR

>>> based on A PRIORI error vari ance
<K<

See Also
>>> F| SHER, >>> POSTERI OR
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Command
>> PRODUCTI ON ( phase_nane/ PHASE: i phase)

Parent Command
> OBSERVATI ON

Subcommand
>>> S| NK

Description
(synonym for command >> GENERATI ON)

Example
(see command >> GENERATI ON)

See Also
>> GENERATI ON
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Command
>> PRODUCTI VI TY | NDEX

Parent Command
> PARAMETER

Subcommand
>>> SOURCE

Description

This command selects the productivity index for wells on deliverability (TOUGH2 variable
GX) as a parameter to be estimated. This parameter refers to a sink/source code name. The
generation type must be DELV.

Example
> PARAMETER
>> PRODUCTI VI TY | NDEX
>>> S| NK: WEL 1
<<<<
<<<
<<

See Also
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Command
>> PUMPI NG RATI O

Parent Command
> PARAMETER

Subcommand
>>> SOURCE

Description

This command selects as a parameter the pumping ratios of all wells belonging to the same
well group. This option can be used to determine the distribution of generation rates among a
group of wells, e.g., to determine the optimum pumping strategy for a cleanup operation. For
example, the total extraction rate from a system of wellsis often limited by the treatment
capacity. However, extraction rates of individual wells can be adjusted, optimizing the effi-
ciency of the cleanup operation. A well group consists of all sinks/sources with the same
code name (TOUGH2 variable SL). The sum of the constant generation rates (TOUGH2
variable GX) of all wells within the same well group remains constant, but individual rates
are adjusted. It isimperative to estimate as many pumping ratios as the number n of wells
within the well group of interest. After optimization, the actual generation rate for well i is
calculated from the prescribed total pumping rate g, and the estimated pumping ratio g

8

U = Got —,
a;
=1

Example
> PARAMETER
>> PUMPI NG RATI O
>>> SOURCE: EXT_1

>>>> QUESS . 0.25
<<<<

>>> SOURCE: EXT 2
>>>> GQUESS . 0.5
<<<<

>>> SOURCE: EXT_3
>>>> GQUESS . 0.25
<<<<

<<<

<<
See Also
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Command

>>> PVM nhosts (JACOBI AN SLEEP: i sl eep)
HOST1PVM host nanme_1

HOST2PVM host nane_2

HOSTnhost sPVM host nane_nhost s

Parent Command
>> OPTI ON

Subcommand

Description

Certain TOUGH?2 forward calculations are independent from each other and can thus be
processed in parallel on a heterogeneous network of UNIX workstations using PVM (Parallel
Virtual Machine, Geist et al. [1994]). Consult Finsterle [1998] for details about installation
and execution of iTOUGH2-PVM applications.

The number of hosts nhost s isprovided on the command line, followed by nhost s
lines containing the keyword * HOSTi (i =1,...,nhost s) and the name of the host. The
wild card * must be aunique identifier if more than one iTOUGH2-PVM application are run
simultaneously. The master process must not be included inthelist. However, achild
process may be spawned on the parent host. The host must be registered in file .rhosts. The
name of the host must be identical to that appended to the file name of the i TOUGH2
executable on that specific machine. A host (especially the multiprocessor machines) may be
named several timesin thelist of hosts.. Notice that the PVM block in theiTOUGH2 input
fileisalso parsed by the i TOUGH2 script [Finsterle, 1998]. If the Levenberg-Marquardt
algorithm is used, parallelization can be restricted to the evaluation of the Jacobian matrix by
using keyword JACOBI AN on the command line. The parent process can be suspended for
i sl eep seconds (default: i s| eep=1) beforeit checks for incoming data.

Example
> COVPUTATI ON
>> OPTI ON
>>> use LEVENBERG MARQUARDT m nim zation al gorithm
>>> PVM 4 processors, parallelize JACOBI AN only, SLEEP: 1
HOST1PVM presto. | bl. gov
HOST2PVM hydra. | bl . gov
HOST3PVM hydra. | bl . gov

HOST4PVM aqua. et h. edu
<<

<<

See Also
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Command
>>> QUADRATI G- LI NEAR: c

Parent Command
>> OPTI ON

Subcommand

Description

This command selects a quadratic-linear robust estimator. Given this estimator, the objective
function to be minimized is a combination of least-squares for small residuals and the first
norm for residuals larger than c-times the prior standard deviation:

S$=% v(vi)
i=1
where
.- yi  |wlsc
y(Yi) %:(Zlyil-c)|yi|>c
with
fi
Yi =—
Oj

This objective function does not correspond to a standard probability density function. It has
the general characteristic that the weight given individual residuals first increases
quadratically with deviation, then only linearly to reduce the impact of outliers.

For ¢ — o, the estimator isidentical to least-squares; for ¢ — 0, it approachesthe L ;-
estimator.

Note that this objective function is minimized using the standard L evenberg-Marquardt
algorithm which is designed for a quadratic objective function. Since the function is quadratic
for y; <c, the Levenberg-Marquardt algorithm is usually quite efficient.

Example
> COVPUTATI ON
>> OPTI ON

>>> use a QUADRATI C- LI NEAR robust estimator with ¢ : 1.0
<<<

<<

See Also
>>> ANDREWS, >>> CAUCHY, >>> L1-ESTI MATOR, >>> LEAST- SQUARES
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Command

>>>> RANGE: | ower upper
or

>>>> BOUND: | ower upper

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description

This command sets the admissible parameter range. It provides| ower and upper bounds
of the parameter. During the optimization process, iTOUGH2 may suggest parameter values
that are physically not valid (e.g., negative porosity) or not reasonable (e.g., very high
permeability). Limiting the admissible range for the values a parameter can assume prevents
the simulation from stopping due to an unphysical or unreasonable parameter value.
However, it is strongly suggested not to specify a narrow parameter range about the initial
guess. The range should reflect physical bounds, and the expected variation of the parameter.
If prior knowledge suggests that a certain parameter varies only slightly about the initial
guess, thisinformation should enter the inversion as a standard deviation associated with the
initial guess, i.e. prior information (see command >>>> DEVI ATI ON (p)).

A parameter tends to greatly vary, potentialy hitting its lower or upper bound, if (i) a
systematic error is present, (ii) theinitial guessis far away from the best estimate, (iii) the
parameter is not sensitive, or (iv) the parameter is highly correlated to more sensitive
parameters. The final parameter set should not contain parameters at their lower or upper
bounds. If some of the estimated parameters are at the bounds, it is suggested to carefully
examine the four potential reasons mentioned above. A new inversion should be performed
after corrective actions have been taken.

Example
> PARAMETER
>> PORCSI TY
>>> MATERI AL: SANDY
>>>> PRIOR information : 0. 34
>>>> standard DEVI ATI ON: 0. 05
>>>> adm ssible RANGE : 0.01 0.99
<LK
<K<
<<

See Also
>>>> DEVI ATION (p), >>>> STEP
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Command
>> RATE

Parent Command
> PARAMETER

Subcommand
>>> SOURCE

Description

This command selects as a parameter the constant generation rate (TOUGH2 variable GX) or
time-dependent generation rate (TOUGH2 variable F2(L) for LTAB>1). This parameter
refersto a sink/source code name. Estimating a time-dependent generation rate requires
providing index L through command >>>> | NDEX.

Example
> PARAMETER
>> RATE
>>> SOURCE: WEL 1 + 5
>>>> ANNOTATION: const. rate
>>>> LOGARI THM
<<<<
>>> SOURCE: INJ_1
>>>> ANNOTATI ON: variable rate

>>>> VALUE
>>>> | NDEX 7
<<<<
<<<
<<
See Also
>> TIME (p)
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Command
>>> REDUCTI ON: max_red

Parent Command
>> CONVERGE

Subcommand

Description

By default, a TOUGH2 simulation stops if 20 consecutive time step reductions have occurred
without convergence. This command changes the maximum number of allowable time step
reductions to max_red.

Time step reductions occur if:

D)

2
3)
(4)

theinitial time step istoo large (see TOUGH2 variable DELTEN or DLT( 1), and
command >>> ADJUST),

TOUGH2 parameter NOl TE istoo small,
afailurein the EOS module occurs,,
boundary conditions are changed drastically during the course of the simulation.

Variable max_red should only be increased to address problem (4), i.e., when drastic changes
in generation rates (TOUGH?2 block GENER) are imposed, or if Dirichlet boundary conditions
are changed using command >> RESTART TI ME or through subroutine USERBC.

Example
> COVPUTATI ON

>> CONVERGE

>>> accept : 30 CONSECUTIVE tinme step reductions
<<<

<<

See Also
>> RESTART TI ME, >>> ADJUST, >>> CONSECUTI VE
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Command
>> RELATI VE

Parent Command
> PARAMETER

Subcommand
>>> DEFAULT
>>> MATERI AL

Description

This command selects a parameter of the relative permeability function (TOUGH2 variable
RP( 1 PAR, N\VAT) ) of acertain rock type, or a parameter of the default relative permeability
function (TOUGH2 variable RPD( | PAR) ). Command >>>> | NDEX must be used to
select the parameter index | PAR. The physical meaning of the parameter depends on the
type of relative permeability function selected in the TOUGH2 input file, variable | RP or

| RPD. The admissible range should be specified explicitly to comply with parameter
restrictions (see Pruess [1987], Appendix A).

Example
> PARAMETER
>> parameter of RELATIVE pernmeability function
>>> DEFAULT
>>>> ANNOTATI ON : Resid. Gas Sat.
>>>> PARAMETER no. : 2
>>>> VALUE
>>>> RANGE : 0.01 0.99
<<<<
>>> MATERI AL: ZONE1l +3
>>>> ANNOTATI ON : IRP=7, RP(1)=m
>>>> PARAMETER no. : 1
>>>> FACTOR
<<<<
<<<
<<
See Also

>> CAPI LLARY
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Command
>>>> RELATIVE: rel _err (%

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

This command takes a fraction of the observed value as the standard deviation of the
measurement error (for more details see command >>>> DEVI ATI ON ( 0) ).
This option cannot be applied to data sets that contain zero measurements.

Example
> OBSERVATI ON
>> LI QU D FLOW RATE
>>> CONNECTI ON I NJ_1 DOM 2
>>>> DATA on FILE: fl ow. dat
>>>> RELATI VE nmeasurenent error of : 5 %is assuned
<<<<
<<<
<<

See Also
>>>> DEVI ATI ON (0)
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Command
>>> RESI|I DUAL

Parent Command
>> OUTPUT

Subcommand

Description

This command prints the observed and calcul ated system response as well as the residuals
after each iTOUGH2 iteration. By default, the residuals are printed only once at the end of the
optimization.

Example
> COVPUTATI ON
>> OUTPUT
>>> print RESIDUALs after each TOUGH2 sinul ation.
<<<
<<

See Also
>>> JACOBI AN

iTOUGH2 COMMAND REFERENCE 160 COMMANDS



Command
>> RESTART TIME: ntime (time_unit) (NEW

Parent Command
> OBSERVATI ON

Subcommand

Description

This command selects points in time at which the boundary conditions are changed by a step
function, and reassigns primary variables and/or grid block volumes for selected elements.
Such times are termed "restart times' because in standard TOUGH2 one would have to stop
the simulation, and restart it after having changed the initial conditions of certain elements.
This option is useful for modeling well tests, where the condition in the borehole is changed at
certain pointsin time. For the simultaneous calibration of well tests consisting of many test
events, it isimperative to model the entire sequence in asingle ssmulation run, i.e. individual
events must be connected. Recall that complicated, time-varying boundary conditions can
also be programmed into subroutine USERBC.

The specification of arestart timeisidentical to specifying calibration points (see command
>> Tl ME (0)). Instead of calibration times, arestarttimer estart _ti nme isindicated.
Following the line containing the restart time, alist of element names elem (or element
numbers) can be given, followed by an integer ipv indicating which primary variable isto be
changed. If ipvis zero, the volume of the corresponding element is changed. Finaly, the new
primary variable or grid block volume, respectively, isgiven. The general format isas
follows:

>> RESTART TIME: 1 (time_unit)
restart _tine
elem ipv pv
elem ipv pv

A comprehensive example is given below.

This option can also be used to periodically generate a SAVE file. Thismay be desirable for
very long TOUGH2 simulations. In case of a computer failure, the run can be restarted at the
time of the last restart time.

If keyword NEW is present, anew SAVE file with unique file nameis created for each
RESTART time.

Example

This example demonstrates the use of restart times to connect four individual test eventsinto a
single simulation. The test sequence starts with a shut-in recovery period, i.e. in the TOUGH?2
input file the actual interval volume is assigned to the element representing the borehole. At
time tCp, a constant-pressure pumping test isinitiated, i.e., the element volume is increased to
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avery large number, and the prescribed interval pressureis specified asinitial conditions. A
shut-in pressure recovery period starts at time tREC, modeled by reassigning the actual
interval volume. Finaly, apulsetest is simulated, assuming that al the gas that potentially
accumulates in the borehole interval has been released at time tpy|SE, prior to applying a
short pressure pulse. The pressure response in the injection well is schematically shown in the
figure below, followed by the appropriate iTOUGH?2 block with restart times and boundary
condition specifications.

A

Pressure

' ' >
Restart times:  t teec touLse Time[h]

> OBSERVATI ON
>> RESTART TIME: 1 [ HOURS]
2.56 (tCP)
BOR 1 0O 1.0E+50 (large volume for const. pressure b.c.)
BOR 1 1 1.3E+05 (set constant interval pressure)

>> RESTART TIME: 1 [ HOURS]
3.51 (t REC)
BOR 1 0 0.73 (actual volume for shut-in recovery)

>> RESTART TIME: 1 [ HOURS]

5. 44 (t PULSE)
BOR 1 2 0.00 (prescribe single-phase liquid cond.)
BOR 1 1 4.85E+5 (pressure pul se)

el enent i pv pv/vol

TOUGH2 stops at each restart time, writesa SAVE file, readsit asan INCON file, changes
initial conditions, i.e. updates the primary variables or grid block volumes of the indicated
elements, and continues the simulation.

See Also
>> Tl ME (0)
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Command
>>> ROCKS: mat_nanme (mat_nane i ...) (+ iplus)

Parent Command
any second-level command in block > PARAMETER referring to a material name

Subcommand
(synonym for command >>> MATERI AL)

Description
(see command >>> MATERI AL)

Example

See Also
>>> MATERI AL
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Command
>> SATURATI ON ( phase_nane/ PHASE: i phase)

Parent Command
> OBSERVATI ON

Subcommand
>>> ELEMENT

Description

This command sel ects phase saturation as an observation type. This observation type refersto
an element. The phase name phase_name or phase number iphase, which depend on the EOS
module being used, are listed in the iTOUGH2 header. They can be specified either on the
command line or using the subcommand >>>> PHASE.

Example
> OBSERVATI ON
>> GAS SATURATI ON
>>> cal cul ated for ELEMENT: AA 5
>>>> ANNOTATI ON: Sg during gas injection
>>>> DATA [ HOURS]
.01
.13
.34
.59
.72
.81
. 86
. 89
. .91
>>>> DEVI ATI ON: 0. 05
<<<<

NP ROOOO
CUIOUIN Ul W K
cNoNcNoNoNoNeNoNo)

<<

>> SATURATI ON
>>> ELEMENT: BB 5
>>>> NAPL PHASE saturation
>>>> NO DATA available (i.e., just for plotting)
>>>> \WEI GHT: 1. OE- 20 (don’t weigh, just plot!)
<<<<
<<<
<<

See Also
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Command
>> SCALE

Parent Command
> PARAMETER

Subcommand
>>> NONE

Description

This command selects as a parameter agrid scaling factor. Nodal distances, interface areas,
and gridblock volumes will be scaled accordingly. There are three grid scaling factors,
referring to the three directions specifed by TOUGH2 variable ISOT. Thedirection is selected
through command >>>> | NDEX. If all three directions are selected, the mesh is scaled
isotropically (see TOUGH2 variable SCALE).

Selecting a grid scaling factor as a parameter can be used to design and optimize the
horizontal and/or vertical spacing between injection points.

Example
> PARAMVETER
>> grid SCALEi ng factor
>>> NONE
>>>> ANNOTATI ON: hori zontal well spacing
>>>> | NDEX 12
>>>> QUESS 1.0
<<<<
<<<
<<
See Also
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Command
>>>> SCHEDULE: beta

Parent Command
>>> ANNEAL

Subcommand

Description

This command defines the annealing schedule for Simulated Annealing minimization. The
annealing schedule is a function describing the temperature reduction (and thus the probability
of accepting an uphill step, see command >>> ANNEAL). Thetemperature is updated after
a certain number of successful steps have been performed (see command

>>>> STEP (a)).

There are two functions available. If betaisintherange 0< 5 <1 (typically 0.9), the
following annealing schedule is used:

Ty :ﬁk [Ty

where k istheiteration index, and 7, istheinitial temperature specified by command
>>>> TEMPERATURE. If betais greater than one, the following annealing schedule is
invoked:

T =To(l-k/K)P
where K isthe maximum number of iterations (see command >>>> | TERATI ON (a)).

Example
> COVPUTATI ON
>> OPTI ON
>>> Si nul at ed ANNEALI ng
>>>> total nunmber of | TERATIONS: 200
>>>> jnitial TEMPERATURE: -0.05
>>>> update after: 100 STEPS
>>>> anneal i ng SCHEDULE: 0. 95
<KL
<<
<<

See Also
>>>> | TERATI ON (a), >>>> STEP, >>>> TEMPERATURE
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Command
>> SECONDARY (phase_name/ PHASE: iphase) (: ipar)

Parent Command
> OBSERVATI ON

Subcommand
>>> ELEMENT

Description

This command selects thermophysical properties, which are so-called "secondary parameters"
in TOUGH2, as an observation type. This observation type refersto an element.

The secondary parameter refers to elements of TOUGH2 vector PAR (see Pruess [1991a],
Figure 2). Theindex ipar must be provided in the command line after a colon or through the
fourth-level command >>>> | NDEX. The fluid phase must also be identified. The phase
name phase_name or phase number iphase, which depend on the EOS module being used, are
listed in theiTOUGH2 header. They can be specified either on the command line or using the
fourth-level command >>>> PHASE.

The following table lists the thermophysical property addressed by ipar. Some of the
properties can be selected using an alternative second-level command.

ipar  Secondary Parameter Alternative Command

1 phase saturation SATURATI ON

2 relative permesability -

3 viscosity -

4 density -

5 specific enthal py -

6 capillary pressure PRESSURE

NB+i  massfraction of componenti MASS FRACTI ON

Example
> OBSERVATI ON
>> SECONDARY par aneter No: 3
>>> ELEMENT: AA 5
>>>> ANNOTATI ON: gas viscosity
>>>> GAS PHASE
>>>> NO DATA
<<<<
<<

See Also
>> MASS FRACTI ON, >> PRESSURE, >> SATURATI ON,
>>>> PHASE, >>>> | NDEX
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Command
>> SELEC

Parent Command
> PARAMETER

Subcommand
>>> MODEL

Description

This command selects as a parameter one of the SELEC parameters (TOUGH2 variable
FE(1)). The physical meaning of the parameter depends on the module being used. The
index | must be provided through command >>>> | NDEX.

Example
> PARAMETER
>> SELEC par anet er
>>> MODEL
>>>> ANNOTATI ON: Cel Density (EOS11)
>>>> | NDEX D2
>>>> VALUE
<<<<
<<<
<<
See Also
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Command
>>> SELECT

Parent Command
>> OPTI ON

Subcommand

>>>> CORRELATI ON
>>>> | TERATI ON
>>>> || ST

>>>> SENSI TI VI TY

Description

This command invokes the automatic parameter selection option of iTOUGH2. The
parameters defined in block > PARAMETER are screened according to two selection criteria
(seecommands>>>> SENSI TI VI TY and >>>> CORRELATI ON). Only the most
sensitive and/or most independent parameters are subjected to the optimization process.
Automatic parameter selection allows one to submit alarger set of parameters to the
estimation process. If a parameter isnot sensitive enough to be estimated from the available
data, it is automatically removed from the set of parameters being updated. This makesthe
inversion faster because fewer parameters must be perturbed for calculating the Jacobian
matrix (the full Jacobian is only calculated every few iteration when the selection criteriaare
reevaluated). Theinversion isalso more stable. Parametersthat are not sensitive or highly
correlated tend to be changed drastically during an iTOUGH?2 iteration, which may cause
unnecessary numerical difficulties. If they are (temporarily) removed from the parameter set,
they remain at their initial or current value.

An additional advantage of using this option is the fact that sensitivities, estimation
uncertainties, and parameter correlations are calculated for al the specified parameters,
regardless of whether they are updated during the optimization.

Due to the non-linearity of the inverse problem at hand, sensitivity coefficients and parameter
correlations constantly change during the optimization. Therefore, the selection criteria must
be reevaluated from time to time (see command >>>> | TERATI ON ( s)), i.e., parameters
may be deactivated and reactivated during the course of an inversion.

Example
> COVPUTATI ON
>> OPTI ON
>>> automati c paraneter SELECTi on
>>>> SENSITIVITY criterion: -0.1

>>>> repeat selection every : 3 rd | TERATI ON
<KL

<<

See Also
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Command

>>> SENSI TI VI TY
or

>>> DESI| GN

Parent Command
>> OPTI ON

Subcommand

Description

This command makesiTOUGH?2 evaluate the sensitivity matrix without performing any
optimization. By default, the scaled Jacobian matrix, i.e., the sensitivity coefficients scaled by
the standard deviation of the observation and expected parameter variation, respectively, is
printed to the i TOUGH2 output file:

o o
= P _ 04 b
z i Og

In addition, the unscaled sensitivity coefficients can be printed by invoking subcommand
>>> SENSI TI VI TY inblock >>> OUTPUT.

Thisinformation can be used to identify the parameters that most strongly affect the system
behavior at actual or potential observation points. Similarly, the relative information content
of actual or potential observations, i.e., the contribution of each data point to the solution of
the inverse problem can be evaluated.

Based on this command, iTOUGH2 also cal culates the covariance matrix of the estimated
parameters, i.e., the estimation uncertainty under the assumption that the variances of the
residuals are accurately depicted by the prior covariance matrix C,,. Thisinformation along
with the global sensitivity measures (sums of absolute sensitivity coefficients) can be used to
optimize the design of an experiment.

It isrecommended to use arelatively large perturbation factor (see command

>>> PERTURB) , possibly in combination with centered finite difference quotients (see
command >>> CENTERED) for the purpose of sensitivity analysis.

Example
> COVPUTATI ON
>> OPTI ON

>>> performa SENSITIVITY analysis for test DESIGN
<<

<<

See Also
>>> CENTERED, >>> PERTURB, >>> SENSI TI VI TY (ou)
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Command
>>> SENSI TIVITY

Parent Command
>> OUTPUT

Subcommand

Description
This command prints the sensitivity matrix to theiTOUGH2 output file. The elements of the
sensitivity matrix are the partial derivatives of the system response at the observation points
with respect to the parameters:
s
‘]i' =94

Ta

By default, iTOUGH?2 prints the scaled Jacobian matrix, the elements of which are the
sensitivity coefficients scaled by the ratio of the standard deviation of the observation and
expected parameter variation:

o o
o P _ 0z U
‘]ij :‘]ij L = ! B !
Oz  bj 0y
Example
> COWVPUTATI ON
>> QUTPUT

>>> print SENSITIVITY matrix in addition to the
scal ed Jacobi an
<<<
<<

See Also
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Command
>>>> SENSI TIVITY: (-)rsens

Parent Command
>>> SELECT

Subcommand

Description
This command defines one of the criteria used for automatic parameter selection. It examines
the potential of a parameter to reduce the objective function:

0 =|08

Here, ¢S isthe change of the objective function if the parameter is perturbed by a certain,
small value (see command >>> PERTURB).

Normalizing to the maximum value ¢, yields the selection criterion « :

w= O<w<1

max

Those parameters with an « -value larger than |rsenq , I.e., the most sensitive parameters, are
selected. Parameters which are unlikely to significantly reduce the objective function are
(temporarily) excluded from the optimization process.

If anegative valueisgiven for rsens, the selection criterion is relaxed with each iteration k
and reaches zero for the last iteration max_iter , i.e., all parameters specified in block

> PARAMETER are selected for the final step.

_ k
rens, =[rsenrl -

Example
> COVPUTATI ON
>> OPTI ON
>>> SELECT paraneter automatically every
>>>> . 3 | TERATI ONS
>>>> pased on the SENSITIVITY criterion, rsens : -0.10
<KL
<<
<<

See Also
>>>> | TERATI ON (s), >>>> CORRELATI ON
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Command
>>> SET: iset

Parent Command
>> DRI FT

>> FACTOR

>> LAG

>> SHI FT

Subcommand
any fourth-level command in block > PARAMETER

Description

The parent command of this command identifies a parameter that refersto adata set, i.e., it
manipul ates the observed data. The data set isidentified by its ordering number iset as
specified in block > OBSERVATI ON. Alternatively, iset can be read using subcommand
>>>> | NDEX; the latter command must be used if multiple sets are selected.

Example
> PARAMVETER

Estimate coefficients of regression dz=A+B*tinme to correct
flowmmeter data. The flowreter data are provided as data set
No. 2, 3, and 4 in the OBSERVATION bl ock. All three data sets
exhibit a constant offset to be estimated. Data set No. 3 also
shows a drift.

>> SHI FT
>>> NONE (nultiple sets will be sel ected)
>>>> | NDEX 234
>>>> ANNOTATI ON: constant A (set 2, 3 and 4)
>>>> QUESS : 4.0E-6 [kg/sec]
<<<<
<<<
>> DRI FT
>>> data SET No. 3
>>>> ANNOTATI ON: coefficient B (set 3 only)
>>>> QUESS . 1. 0E-9 [kg/sec/ sec]
<<<<
<<<
<<
See Also
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Command
>>>> SET:. iset

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

Multiple data sets can be stored on asingle file, separated by asingle line containing
characters. This command is used to select the iset’'th data set on adatafile. By default, data
areread from the first set following the header lines (see command >>>> HEADER).

Example
> OBSERVATI ON
>> PRESSURE
>>> ELEMENT: AAA99
>>>> ANNOTATI ON: Pres. wel|l BBB
>>>> conversi on FACTOR 1. 0E5
>>>> skip: 3 HEADER |ines, then
>>>> select: 2 nd SET on
>>>> COLUWNS: 2 3
>>>> DATA FI LE: pres.dat [ HOURS]
>>>> RELATI VE error: 0.05
<<<<
<<<

The content of file pres.dat is:

1 This is file pres. dat

Li ne Ti nme Pressure
3 Data set 1: Pressure in borehole AAA
4 0.0 1. 000
5 1.0 1.134
6 2.0 1. 495
7 Data set 2: Pressure in borehol e BBB
8 0.0 1. 051
9 1.0 1.433
10 2.0 1.874
11 3.0 2.431
See Also
>>>> HEADER
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Command
>> SHI FT

Parent Command
> PARAMETER

Subcommand
>>> NONE
>>> SET

Description
This command selects as a parameter a constant used to shift the cal culated TOUGH2 output.
The constant is added to the output that refers to a specific data set:

2= Zroygh2 * shift

where shift isthe constant added to the calculated TOUGH2 output zro,gno - Theresult z is
compared to the measurement z* of the corresponding data set.

This option allows removal of a constant from the data. For example, if matching relative
pressure data that fluctuate around an unknown mean, or if aflowmeter exhibits an unknown
offset that needs to be estimated, the shift parameter being estimated is the mean or offset,
respectively.

A non-zero value must be provided as an initial guess through the iTOUGH2 input file using
command >>>> GUESS.

The data set isidentified by number using command >>> SET (p) or command

>>>> | NDEX (p).

If the constant is known, i.e. does not need to be estimated, use command >>>> SHI FT, a
subcommand of > OBSERVATI ON, to shift the data.

Example
> PARAMETER
>> SHI FT
>>> SET No. : 1
>>>> ANNOTATI ON. at nps. pres.
>>>> QUESS: -1.0E5 [Pa] subtract atnospheric pressure

<L

>>> NONE
>>>> ANNOTATI ON. of f set
>>>> | NDEX . 2 3 4 one constant for all data sets
>>>> QUESS : 4.0E-6 [kg/sec]
<L

<<

<<
See Also

>> DRI FT, >> FACTOR, >> LAG >>> SET (p), >>>> SH FT
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Command
>>>> SHIFT: shift (TIME (tine_unit))

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

This command shifts data values or observation times by a known, constant value shift. The
effect of thiscommand is adirect data manipulation which must be distinguished from
estimating an unknown constant that shifts the model output (see command >> SHI FT).

If keyword TI ME ispresent on the command line, the constant shift is added to all
observation times of the corresponding data set. Thisis useful to adjust the reference time of
the datarecord if it is different from the starting time of the simulation (TOUGH2 variable
TSTART). Thetime unit can be selected using one of the time_unit keywords.

If keyword TI ME isnot present, shift is added to all observed values. The units of shift must
match those of the observed data (see command >>>> FACTOR).

Example
> OBSERVATI ON
>> PRESSURE
>>> ELEMENT: GUG 0

>>>> ANNOTATION: rel. pres.
>>>> conversi on FACTOR 1000.0 [kPa] - [Pa]
>>>> SHI FT: 100.0 [kPa] add at nospheric pressure
>>>> SHI FT TI MES as well by: -1.25 DAYS
>>>> relative pressure DATA in [HOURS] and [kPa]:

30.0 1.314
30.5 1.789
31.0 2.113

>>>> standard DEVI ATION: 0.5 [kPa]
<L
<<
<<

See Also
>> SHI FT, >>>> FACTOR
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Command
>>> S| MPLEX

Parent Command
>> OPTI ON

Subcommand

Description

This command selects the downhill simplex method to minimize the objective function.
The downhill simplex method does not calcul ate derivatives and can therefore be used for
discontinuous objective functions. Theinitial smplex is defined by the initial parameter set
po and n additional points given by:

p; =Pg t0; @i [ :2,...,(n+1)

where o0, isthe parameter variation given by commands >>>> VARI ATI ON or

>>>> DEVI ATI ON ( p), andthe g 'sare n unit vectors along the parameter axis.

At the end of minimization by means of the simplex algorithm, the Jacobian matrix is
evaluated to alow for a standard error analysis.

The simplex algorithm is most useful in connection with the L;-estimator and discontinuous
cost functions.

Example
> COVPUTATI ON
>> OPTI ON
>>> use SIMPLEX algorithmto mnimze objective function
<<
<<

See Also
>>> ANNEAL, >>> GAUSS- NEWTON, >>> GRI D SEARCH,
>>> LEVENBERG MARQUARDT
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Command
>>> S| MULATI ON:  nt ough?2

Parent Command
>> CONVERGE

Subcommand

Description

This command limits the number of TOUGH2 simulations performed during an inversion. A
rough estimate of the total number of TOUGH2 simulations during an inversion can be made
given the number of iterations requested (see command >>> | TERATI ON) and the type of
finite difference quotients calculated (see commands >>> FORWARD and

>>> CENTERED). However, there is an unknown number of unsuccessful steps that cannot
be accounted for.

The maximum number of TOUGH2 simulations may also be limited in order to stop and
examine a specific simulation that leads to convergence problems (see command

>>> | NCOVPLETE).

If performing Monte Carlo simulations (see command >>> MONTE CARLO), mtough2is
the number of parameter sets generated and thus the number of realizations of the cal culated
system output.

Example
> COVPUTATI ON
>> STOP after
>>> a total of : 500 TOUGH2 SI MULATI ONS
<<<
>> ERROR anal ysi s
>>> MONTE CARLO
<<<
<<

See Also
>>> | TERATI ON, >>> LATI N HYPERCUBE, >>> MONTE CARLO
>>> | NCOVPLETE
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Command
>>> SINK: sink_name (sink_name_i ...) (+ iplus)

Parent Command
any second-level command in block > PARAMETER or > OBSERVATI ON referring to
sink names

Subcommand
any fourth-level command in block > PARAMETER or > OBSERVATI ON

Description
(synonym for command >>> SOURCE)

Example
(see command >>> SOURCE)

See Also
>>> SOURCE
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Command
>> SKI N

Parent Command
> PARAMETER

Subcommand
>>> NMATERI AL

Description

This command selects as a parameter the skin zone radius around awell. In general, the
radial thickness of the skin zoneis predefined by the discretization of the flow region. In
order to estimate the skin zone radius, the TOUGH2 mesh must be generated using the
MESHMAKER utility. Furthermore, two zones must be generated using logarithmically
increasing radial distances (option LOGAR). The skin radius is defined by the parameter
RLOG after the first appearance of keyword LOGAR. In addition, an I5 integer must be
provided after NRAD, NEQU, and NLOG, indicating the material type number for the
corresponding grid blocks (see example below). Estimation of a skin zone radius may be
unstable if changing the discretization significantly affects the modeling results.

Example

The following MESHMAKER block isfrom a TOUGH2 input file. A radial mesh is generated
with aborehole of radius 0.1 m (materia type 1), a skin zone of material type 2 and initial
radius of 0.3 m, partitioned into 20 grid blocks, and an outer zone of material type 3 which
extends to aradial distance of 10.0 m. The thickness of the layer is 1.0 m. The skin zone
radius to be estimated is printed in italics.

VESHVAKER
Rz2D
RADI |
2 1
0. OOOE+00 0. 100E+00
LOGAR
20 2 0. 300E+00 0. 100E-01
LOGAR
80 3 1. 000E+01
LAYER
1
0. 100E+01
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The corresponding parameter block in the iTOUGH2 input file reads:

> PARAMETER
>> SKI N zone radius
>>> MATERI AL: SKINZ (= material nanme 2 in bl ock ROCKS)
>>>> ANNOTATI ON:  Skin radi us

>>>> VALUE
>>>> jnitial guess: 0.3
>>>> RANGE : 0.12 1.00
<<<<
<<
<<
See Also
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Command
>>>> SKI P: nskip

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description
(synonym for command >>>> HEADER)

Example
(see command >>>> HEADER)

See Also
>>>> HEADER
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Command

>>> SOURCE: source_nane (source_nane_i ...) (+ iplus)
or
>>> S| NK: sink_nanme (sink_name_i ...) (+ iplus)

Parent Command
any second-level command in block > PARAMETER or > OBSERVATI ON referring to
source names.

Subcommand
any fourth-level command in block > PARAMETER or > OBSERVATI ON, respectively

Description

This command reads one or more sink/source code names (TOUGH2 variable SOURCE) or
element names associated with asink or source (TOUGH2 variable ELEG) as specified in the
TOUGH2 block GENER. Both parameter and observations may refer to sources.

Sources and source el ements are designated by a three-character/two-integer (FORTRAN
format: AAAII) code name. Blanksin the names as printed in the TOUGH2 output file must
be replaced by underscores (e.g. a source or element name specified in the TOUGH2 input file
as’B 007’ isprintedas’B O 7’inthe TOUGH2 output file. Therefore, it must be addressed
intheiTOUGH2 input fileas’B_0_7").

Multiple names can be specified. A sequence of iplus elements can be generated by
increasing the number of the last element. The following two command lines are identical:

>>> SOURCE: WEL_1 WEL15 +3
>>> SOURCE: WEL_1 WEL15 WEL16 WEL17 WEL18

Example
> PARAMVETER
>> det erm ne ENTHALPY of injected fluid...
>>> SOURCE: WEL_1
>>>> LOGARI THM

<LK
<<<
<< ... based on...
> OBSERVATI ON
>> ... the total VAPOR PRCODUCTION in the extraction wells
>>> S| NK . EXT_1 + 3
>>>> DATA on FILE : steam dat
>>>> RELATIVE error: 10 %
<LK
<K<
See Also

iTOUGH2 COMMAND REFERENCE 183 COMMANDS



Command
>>> STEADY- STATE (SAVE) (: nmax_time_step)

Parent Command
>> OPTI ON

Subcommand

Description

This command allows TOUGH2 to reach steady state prior to or after atransient simulation.
This option can be used to calibrate against steady-state data (only or in combination with
transient data), or to reach an equilibrium as initial conditions for a subsequent transient
simulation.

Note that atransient TOUGH?2 simulation must be performed to reach steady state. Steady
state is usually indicated by one of the following convergence failures:

* too many time steps converged on a single Newton-Raphson iteration (see command
>>> CONSECUTI VE);

» convergence failure following two time steps that converged on a single Newton-Raphson
iteration;

* too many time step reductions (see command >>> REDUCTI ON);
*  maximum number of time steps reached (TOUGH2 variable MCYC);
e maximum simulation time reached (TOUGH2 variable Tl MAX);

* maximum time step size reached (use a colon on the command line followed by
max_ti me_st ep to select amaximumtime step size. Themax_ti me_st ep must be
smaller than TOUGH2 variable DELTMX).

iTOUGH?2 usually stopsif a TOUGH2 run terminates due to one of the above mentioned
convergence failures (see command >>> | NCOVPLETE).

If command >>> STEADY- STATE is present, however, it accepts convergence failures
and proceeds with the inversion.

Inversions involving steady-state runs can be greatly accelerated by using keyword SAVE on
the command line. After the first steady-state run has been completed, iTOUGH? takes the
steady-state conditions stored on file SAVE as the initial condition (file INCON) for the next
TOUGH2 run, setsthe initial time step to the (usually large) last time step of the previous
simulation, and updates the parameter set. Since the parameter set is changed only slightly
between subsequent TOUGH2 simulations, the new steady state is usually reached within a
few additional time steps. This option should not be used if also calibrating against transient
data preceding the steady-state data point.

Figure () below illustrates the use of the steady-state option assuming that calibration against
steady-state datais to be performed. A steady-state calibration time t,, should be specified at
avery late point in time (i.e., beyond the transient phase of the ssmulation), and the same time
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should be assigned to the observed steady-state data point in block >>>> DATA. (In
addition to the steady-state point, one might also specify calibration points during the transient
phase). The TOUGH2 simulation proceeds until a convergence failure occurs at an unknown
pointintime ty . The primary variables at that point are written to file SAVE and reused as
initial conditions for the subsequent TOUGH2 run (only if keyword SAVE is present). Then,
the calculated system state at time t is compared to the steady-state data point at time t,,
(make surethat t,, isawaysgreater than ty , 9., set t,, =1E20).

() O transient cdibration points (optional)
steady-state calibration point
A I
transient regime | steady-state regime
c '
: — /-
o | 9
° g
I o
; g
_ I 3 //// -
time t t
INCMVE
(b) O transient calibration points

steady-state calibration point (optional)
I

steady-state regime | transient regime

' Q

o

observation
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The second application of the steady-state option isillustrated in Figure (b). If a steady-state
regime isto precede atransient regime within a single ssmulation (e.g., to assure initial
conditions are at equilibrium, a state that depends on the parameters to be estimated), a
negative starting time —t,, (TOUGH2 variable TSTART) must be specified. Ensure that |—t,|
is larger than the duration required to reach steady state, e.g., —t,, = —1E20. The TOUGH2
simulation proceeds until a convergence failure occurs at an unknown point in time t ,
creating the steady-state regime. The primary variables at that point are written to file SAVE
to be used asiinitia conditions for the subsequent TOUGH2 simulation (only if keyword
SAVE ispresent). The simulation timeisthen set to zero, and the transient regime of the
simulation isinitiated. Thisrequiresthat boundary conditions are changed at time zero, e.g.,
by starting injection or withdrawal, or by changing Dirichlet-type boundary conditions (see
command >> RESTART TI ME).

(Notethat if transient data are combined with steady-state data, the standard deviation of the
steady-state data point may have to be decreased substantially to outweigh the large number
of transient points.)

Example
> OBSERVATI ON
>> steady-state point in TIME 1 (= t_inf)
1. 0E20

>> PRESSURE
>>> ELEMENT: FDF76
>>>> DATA
1. 0E20 1. 354E5
>>>> DEVI ATI ON: 0. O5E5
<<<<

<<
<<

> COVPUTATI ON
>> OPTI ON
>>> al | ow STEADY- STATE, use SAVE file for restart
<<<
>> CONVERGENnce criteria
>>> Presune steady-state if : 5 CONSECUTIVE tinme steps
converge on | TER=1
>>> nunber of | TERATIONS: 5
<K<
<<
<

See Also
>> RESTART TI ME, >>> CONSECUTI VE, >>> | NCOWPLETE, >>> REDUCTI ON
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Command
>>> STEP (UNSCALED): nmax_step

Parent Command
>> CONVERGENCE

Subcommand

Description

This command defines the maximum allowable size of the scaled ( f; = p;, default) or
unscaled ( f; =1, keyword UNSCALED) update vector Ap per iTOUGH?2 iteration. The step
length of the scaled or unscaled parameter update vector is defined as follows:

Un ap. d/z
=5 H+HE
Thisisaglobal step size limitation as opposed to the one specified for each individual
parameter (see command >>>> STEP). Limiting the global step size may make the
inversion more stable. Parameter max_st ep should be chosen large enough, so that the
size of the proposed step size |Ap] is reduced to [Ap 4| only during the first few iterations.

The figure below illustrates that limiting the step size maintains the direction of the step taken
in the parameter space.

P A "\ Ap’= proposed stey

Example
> COVPUTATI ON
>> CONVERGENCE

>>> nunber of | TERATI ONS : 10
>>> |imt scaled STEP size to: 1.0 [dinmensionless]
<<<
<<
See Also
>>>> STEP
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Command
>>>> STEP: max_step

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description

This command defines the maximum allowable step size, limiting the change in the
corresponding parameter per iTOUGH2 iteration. Large steps are usually proposed for a
parameter if (i) theinitial guessisfar away from the best estimate, (ii) the parameter has alow
sengitivity, or (iii) the parameter is highly correlated to more sensitive parameters. If the
system state is a strongly non-linear function of the parameter, even a moderate step size may
make the inversion unstable. Parameter max_st ep should be chosen large enough, so that
the proposed step size Ap;’ isreduced to Ap; s ONly during the first few iterations. The
figure below illustrates that limiting the step size also changes the direction of the step taken
in the parameter space. A global step size limitation can aso be specified (see command
>>> STEP), maintaining the direction of vector Ap’.

P A

Example
> PARAMETER
>> PORCSI TY
>>> NMATERI AL: SANDY
>>>> standard DEVI ATION: 0. 10
>>>> max. STEP size . 0.05
<<<<
<<<
<<

See Also
>>> STEP, >>>> DEVI ATI ON, >>>> RANGE
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Command
>>>> STEP: max_step

Parent Command
>>> ANNEAL

Subcommand

Description

This command defines an iteration for Simulated Annealing minimization based on the
number of successful steps or total number of steps as defined by max_st ep. After each
iteration is completed, the temperature is reduced according to the annealing schedule (see
command >>>> SCHEDULE). Aniteration is completed and the annealing temperature
reduced if:

(1) thetotal number of successful and unsuccessful steps reaches max_step, or

(2) (0.20nax_step) successful steps have been performed

Example
> COWVPUTATI ON
>> OPTI ON
>>> Si nul at ed ANNEALI ng
>>>> maxi mum nunber of | TERATI ONS: 100
>>>> paxi mum nunber of STEPS per | TERATI ON: 50
>>>> anneal i ng SCHEDULE: 0.9
>>>> jnitial TEMPERATURE: -0.02
<<<<
<<<
<<

See Also
>>>> SCHEDULE
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Command
>> STOP

Parent Command
> COVPUTATI ON

Subcommand
(see command >> CONVERGE)

Description
(synonym for command >> CONVERGE)

Example
(see command >> CONVERGE)

See Also
>> CONVERGE
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Command
>>>> SUM

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

If multiple elements or connections are provided to indicate the location of a measurement
point, this command takes the sum of al calculated values as the model output to be
compared to the data. The user must ensure that the summation of the quantity is meaningful.

Example
> OBSERVATI ON
>> LIQUID FLOWrate
>>> CONNECTION: Al 1 A2 1 + 7
>>>> ANNOTATI ON: Liquid flow across boundary
>>>> Take SUM of flow rates across 9 connections
>>>> NO DATA
<<<<
<<<
<<

See Also
>>>> AVERAGE
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Command
>>> TAU: (-)niter

Parent Command
>> ERROR

Subcommand

Description

If multiple observation types (e.g., pressure, flow rate, prior information, etc.) are used to
estimate model parameters, the relative weights assigned to each type is given by theratio

Aj =1; /1, where 7; arescalarssuch that C; =1;V; . Here, C; isthe covariance matrix of
all observations of type i (asubmatrix of covariance matrix C,,), and V; isapositive
symmetric matrix. By default, 7; isfixed at 1. Thiscommand allows 4;; to be updated in an
iterative process, where 7, isrecalculated every multiple of niter iterations and is given by:

_r'cin
i =——
m
This procedureis similar to that sometimes referred to as iterated re-weighted least squares
[Haining, 1990]. If a negative number is provided for niter, prior information is excluded
from the process.
Recall that 7; refersto all data of a certain observation type (i.e., not to individual data sets).
The process assigns weights such that the relative contribution of each observation type to the
objective function tendsto 1/« , where « isthe number of observation types used in the
inversion. It should also be realized that the Fisher model test becomes meaninglessif A; is
updated during the inversion because the test will be fulfilled by definition.
While this option provides flexibility in reassigning relative weights to data of different types,
it isinstead suggested to carefully select the standard deviations of the observations and prior
parameter estimates (see command >>>> DEVI ATI ON ( p/ 0) ) based on potential
measurement and modeling errors.

Example
> COVPUTATI ON
>> ERROR

>>> ypdate TAU every : -3 rd iteration
<<<

See Also
>>>> DEVI ATI ON
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Command
>> TEMPERATURE

Parent Command
> OBSERVATI ON

Subcommand
>>> ELEMENT

Description
This command sel ects temperature as an observation type. This observation type refersto an
element.

Example
> OBSERVATI ON
>> TEMPERATURE

>>> ELEMENT . TCP_1
deg(C) =(deg(F)-32)*0.55
>>>> SHI FT . -32.00
>>>> FACTOR X 0. 55

>>>> tenperature DATA in deg(F) on file: tenp.dat
>>>> DEVI ATION: 0.2 degree Fahrenheit
<L
<<
<<

See Also
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Command
>>>> TEMPERATURE: (-)tenpO

Parent Command
>>> ANNEAL

Subcommand

Description

This command definesthe initial temperature 7, for Simulated Annealing minimization. The
initial temperature is reduced after each iteration k according to the annealing schedule (see
command >>>> SCHEDULE). Thetemperature 7, defines the probability ' with which
an uphill step AS should be accepted:

M =exp(-AS/1,)

The probability decreases with decreasing temperature. Theinitial temperature tempO should
be areasonable fraction of the objective function S. If apositive valueis given, then
1o=tempO. If anegative valueis provided, theinitial temperature isinternally calculated asa
fraction of theinitial objective function:

7o =|temp0| %

Example
> COWVPUTATI ON
>> OPTI ON
>>> Si nul at ed ANNEALI ng
>>>> paxi mum nunber of | TERATIONS: 100
>>>> paxi mum nunber of STEPS per | TERATI ON: 50
>>>> anneal i ng SCHEDULE: 0. 95
>>>> jnitial TEMPERATURE: -0.01 tines the initial obj.
func.
<<<<
<<<
<<

See Also
>>>> STEP (a), >>>> SCHEDULE
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Command
>> Tl ME

Parent Command
> PARAMETER

Subcommand
>>> SOURCE

Description

This command selects as a parameter the time of a time-dependent generation rate (TOUGH2
variable F1(L) for LTAB >1). Thisparameter refersto asink/source code name. Index
L must be provided through command >>>> | NDEX. Time stepping during simulation
should be small compared to the expected variation of the parameter. Furthermore, itis
suggested to prescribe the parameter perturbation for calculation of the Jacobian, i.e. use
command >>>> PERTURB and specify areasonably large time perturbation provided as a

negative number.

Example
> PARAMETER
>> generation TIME
>>> SOURCE: INJ 1 + 5
>>>> ANNOTATI ON:
>>>> | NDEX :
>>>> VALUE
>>>> RANGE
>>>> PERTURB :
>>>> max. STEP :
<<<<
<<<
<<
See Also

>> ENTHALPY, >> RATE

End of spill
2

1E8 2E8 [sec]
-1E5 [sec]
86400 [ sec]
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Command
>> TIME: ntinme (EQUAL/ LOGARITHM C) (time_unit)

Parent Command
> OBSERVATI ON

Subcommand

Description

This command selects points in time during a TOUGHZ2 run at which the cal culated system
response is used for subsequent iTOUGH2 analysis. In the case of inverse modeling, these are
the calibration times at which calculated and observed system responses are compared.
Time stepping in the TOUGH2 simulation is forced to exactly match all specified calibration
times, i.e., defining calibration times has the same effect on the simulation as specifying
printout timesin the TOUGH2 block TIMES (printout can be suppressed, however, by
specifying a negative integer for TOUGH?2 parameter KDATA). Thus, time stepping
considerations must be taken into account when selecting the spacing of calibration points
(seeaso command >>> CONSECUTI VE).

Only one set of calibration times can be specified which is then applied to all data sets (see,
however, command >>>> W NDOW.

Calibration times do not have to match the times at which measurements are available, since
the value of the observed data at the calibration point will be linearly interpolated between
adjacent data points as illustrated in the figure below.

1

O DataPoints
B Cdlibration Points

Y - _‘__|

Observation

iTOUGH2 COMMAND REFERENCE 196 COMMANDS



Calibration times can be specified in three ways: (i) explicitly listed, (ii) automatically
generated with equal spacing, and (iii) automatically generated with logarithmic spacing. The
corresponding input formats are given by example below. Admissible keywords for selecting
the time unitstime_unit are SECOND, M NUTE, HOUR, DAY, VEEK and YEAR.

>> provide a list of : 10 TIMES in [ M NUTES]
1.0 2.0 5.0 10.0 15.0 20.0
30.0 45.0 60.0 120.0 180.0 360.0

In the example above, the first ntime=10 numbers will be read in free format and interpreted
as calibration times in minutes.

>> generate: 10 TIME points, EQUALLY spaced between tA and tB
60.0 600.0
tA tB

10 equally spaced pointsin time will be generated between 60.0 and 600.0 seconds. Time
limitstA and tB are read in free format.

>> generate: 10 LOGARI THM CALLY spaced points TIMES i n [ HOURS]
0.01 12.0

10 logarithmically spaced pointsin time will be generated between 36 seconds and 12 hours.

The three formats can be used repeatedly, concurrently, and with overlapping time periods
(see example below). All specified times will be sorted internally.

Example

The following block generates atotal of 11 calibration times; they are schematically shown in
the figure above.

> OBSERVATI ON
>> : 6 LOGARI THM CALLY spaced TI MES i n SECONDS bet ween
30.0 720.0 (tA and tB)

>> TIME: 5 EQUALLY spaced [ M NUTES]
10.0 30.0 (tC and tD)

See Also
>> RESTART TI ME, >>> CONSECUTI VE, >>>> W NDOW
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Command
>>> tinme_unit
or as akeyword to any command requesting time units

Parent Command
>> OUTPUT

Subcommand

Description

This command or keyword specifies the time units of al timesin the i TOUGH2 output and
plot files. Admissible time units are SECOND (default), M NUTE, HOUR, DAY, WEEK,
MONTH, YEAR, and DATE. Thetime output unit may be different from the time units
specified in the input or datafiles. The DATE type supports many different formats,
including the following:

November 18, 2003, 09:26:03 18-Nov-2003 09:26:03
18. November 2003, 09:26:03 18.11.2003 09:26:03
18-Nov-2003 09: 26: 03 18/11/2003 9/26/3

Thefirst date supplied to iTOUGH2 is considered the reference date, i.e., time zero for the
TOUGH2 simulation

Example
> OBSERVATI ON
>> . 7 EQUALLY spaced TIMES in [ DAYS]
1.0 7.0

>> PRESSURE
>>> ELEMENT: ZZZ790
>>>> DATA in [ M NUTES] on FILE: pres.dat

>>>> time WNDOW 48.0 123.0 [ HOURS]
<<<<

<<
<<

> COVPUTATI ON
>> print OUTPUT tines
>>> | n WEEKS
<<<
<<

See Also
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Command
>> TCOLERANCE

Parent Command
> COVPUTATI ON

Subcommand
(see command >> CONVERGE)

Description
(synonym for command >> CONVERGE)

Example
(see command >> CONVERGE)

See Also
>> CONVERGE
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Command
>> TOTAL MASS (phase_nane/ PHASE: i phase/
conp_nane/ COVPONENT: i conp) ( CHANGE)

Parent Command
> OBSERVATI ON

Subcommand
>>> MATERI AL
>>> MODEL

Description

This command selects as an observation type the total mass of phase iphase or component
icomp. This observation type refers either to the entire model domain (command

>>> MODEL, see also Section A8), or to the subdomain specified by alist of rock types
(command >>> NMATERI AL).

Component number icomp or component name comp_name, and phase number iphase or
phase name phase_name depend on the EOS module being used. They are listed in the header
of theiTOUGH?2 output file, and can be specified either on the command line or using the two
subcommands >>>> COVPONENT and >>>> PHASE, respectively. If keyword CHANGE
is present, the change of the total mass since data initialization is computed.

Example
> OBSERVATI ON
>> CHANGE of TOTAL MASS in place since start of sinulation
>>> entire MODEL

>>>> ANNOTATION : Total brine nmass injected
>>>> BRINE i s the COMPONENT of interest
>>>> FACTOR : 1.0E-03 [g] - [kd]
>>>> DATA on FILE : brine. dat
>>>> DEVI ATI ON : 10.0 [4q]
<KL
<<

>> TOTAL MASS of PHASE: 2 (= net weight of |aboratory col umm)
>>> in MATERI AL donai n: FRACT MATRI

>>>> ANNOTATION @ Mass of liquid (water and brine)
>>>> DATA on FILE : Iiquid.dat
>>>> DEVI ATI ON : 0.01 [kdq]
<
<<
See Also
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Command
>>>> UNI FORM

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description

This command generates uniformly distributed input parameters for Monte Carlo simulations.
Parameter values are sampled between the lower and upper bound specified by command
>>>> RANGE.

Example
> PARAMETER
>> RELATI VE perneability function
>>> DEFAULT
>>>> PARAMETER RPD(: 1)
>>>> ANNOTATI ON : Slr is uncertain
>>>> sanple from UNI FORM di stri buti on between. ..
>>>> RANGE : 0.01 0.50
<<<<
<<<
<<

> COVPUTATI ON

>> perform ERROR propagati on anal ysis by nmeans of...
>>> MONTE CARLO simul ati ons
<<

>> STOP after...
>>> : 400 TOUGHZ runs
<<

<<

See Also
>>> LATI N HYPERCUBE, >>> MONTE CARLO >>>> GAUSS
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Command
>>> UPDATE

Parent Command
>> OUTPUT

Subcommand

Description
This command writes version update information to the iTOUGH2 output file.

Example
> COVPUTATI ON
>> QUTPUT
>>> write UPDATE information to i TOUGH2 output file
<<
<<

See Also
>>> | NDEX, >>> VERSI ON, HELP, LIST
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Command
>>> UPHI LL: max_uphil |l

Parent Command
>> CONVERGE

Subcommand

Description

By default, an inversion is stopped if more than 10 consecutive unsuccessful parameter steps
have been proposed. The default can be overwritten by max_uphill. Each unsuccessful step
resultsin an increase of the Levenberg parameter A (seecommand >>> LEVENBERG),
leading to a smaller step size deflected towards the gradient.

Example
> COWVPUTATI ON
>> STOP either if
>>> : 10 | TERATI ONS have been conpl et ed
or
>>> : 3 TOUGH2 runs were | NCOVWPLETE
or

>>> : 5 unsuccessful UPHI LL steps have been proposed
<<<

<<

See Also
>>> | TERATI ON, >>> LEVENBERG
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Command
>> USER (: anno)

Parent Command
> PARAMETER

Subcommand
>>> ELEMENT
>>> MATERI AL
>>> MODEL
>>> SET

>>> SOURCE

Description

This command selects a user-specified parameter. This option enables a user to estimate any
conceivabl e parameter, which can be any TOUGH2 variable or function thereof. The user must
program the function in subroutine USERPAR, file it2user .f. Identification of and details
about the parameter can be given in theiTOUGH2 input file and will be transferred to
subroutine USERPAR. A parameter annotation anno should be provided following a colon on
the command line. This annotation (or a substring thereof) will be available in subroutine
USERPAR (variable ANNO) and can be used to identify the parameter type. The significant
part of the string should therefore not be changed by command >>>> ANNOTATI O\.
Furthermore, multiple material names as well as grid block or sink/source code names defined
by the corresponding third-level command will be transferred to the subroutine in array
NAMEA. Integersread after command >>>> | NDEX are provided through array | DA. A
flag (variable | VLF) indicates whether the estimate is avalue, logarithm, or multiplication
factor of the corresponding parameter.

The user must ensure that all TOUGH2 variables used by the function are transferred to
subroutine USERPAR via COMMON blocks. If avariableisnot predefined in one of the
standard COMMON blocks, anew COMMON block must be created and added to the
include file usercom.inc.

Subroutine USERPAR has two major blocks. Inthefirst block (I Ul G=1), the value specified
inthe TOUGH2 input file is transferred to iTOUGH2 as an initial guess. Programming this
first part is optional because initial guesses can also be provided through the iTOUGH2 input
file by means of command >> GUESS, >>>> PRI OR or >>>> GUESS. Programming
the second part (I Ul G=2) ismandatory. In this part, the parameter is updated, i.e., the
generic parameter value calculated by iTOUGH2, which is stored in variable XX, must be
assigned to the appropriate TOUGH2 variable.

The following is the header of subroutine USERPAR in file it2user.f, describing the transfer
variables. Fileit2user.f must be recompiled before the user-specified parameter becomes
active.
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EE R I R I I R R I R I R R R I R R R R R I I R R S R I I O

SUBROUTI NE USERPAR( 1 Ul G XX, | VLF, | DA, NAMEA, ANNO)

LR R R R R R R R R R R R R R R R R R R R R R R R R R R I R R R

* User specified paraneters *
*JUG =1: Provide initial guess (input) *
* = 2 : Update paraneter *
* XX = i TOUGH variable = paranmeter to be estinmated *
* (output if TUG=1, input if IU G=2) *
* |VLF = 1: value (input) *
* = 2: logarithm *
* = 3: factor *
* | DA = paraneter IDs (if needed) (input) *
* the nunber of elenments in IDA is stored in | DA(MAXR-1) *
* NAVMEA = material or elenment names (if needed) (input) *
* the number of elenents in NAMEA is stored in | DA( MAXR) *
* ANNO = paraneter annotation as specified in i TOUGHR input file *
kkhkkkhkhkkhhkkhhkhkhkhkhkhkkhhkhhkhhkhhkhdhkhdhhhhkdhhkhhkhhkhdhkhdhhdhhkdhhkhhkhhkhdhhdhd hd hkdhkhdhkhd *d* *x*,k*,***%

Example

In this simple example, the tortuosity factor (TOUGH?2 variable TORT( NMAT) ) istreated asa
user-specified parameter. Variable TORT is provided through COMMON block SOL111 in
include filerock.inc. The parameter block in theiTOUGH2 input file and subroutine
USERPAR are given below.

> PARAMVETER
>> USER-specified paraneter: TORTUCSI TY
>>> MATERI AL: SAND1
<KL
<<<
<<

LR R R R R R R R R R R R R R R R R R R R R R R R O I R R R

SUBROUTI NE USERPAR( | Ul G XX, | VLF, | DA, NAMEA, ANNO)
C
C5$5$5$5$ COMVON BLOCKS FOR ROCK PROPERTI ES $535353535353535355555555%%
| NCLUDE ' rock. i nc’
C
CHARACTER ANNC* ( *), NAMEA* 5
DI MENSI ON | DA(*), NAMEA( *)

CALL GETNVAT( NAMEA( 1), NVAT)
IF (1U G EQ1) XX=TORT( NMAT)
IF (1U G EQ 2) TORT( NVAT) =XX
END

LR R R R R R R R R R R R R R R R R R R R R R R R R R I R R O
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The following is amore general version of subroutine USERPAR for the determination of
tortuosity. It allows specifying multiple rock types on command line >>>> MATERI AL,
and offers the possibility to estimate tortuosity either as avalue, alogarithm, or a
multiplication factor. Note that identifying the parameter by its annotation is only necessary
if other user-specified parameters are also addressed in the same subroutine.

LR R R R R R R R R R R R R R R R R R R R R R R O I R R R

SUBROUTI NE USERPAR( | Ul G XX, | VLF, | DA, NAMEA, ANNO)

C

CP5$5$5$$$ PARAMETERS FOR SPECI FYI NG THE MAXI MUM PROBLEM S| ZE $$$$5$$5$$%%
| NCLUDE ’ naxsi ze. i nc’

C

CPF$5$$5$$$ COMMON BLOCKS FOR ROCK PROPERTI ES $$335335335335P55P55555$55%%
| NCLUDE ' rock. i nc’

CHARACTER ANNO* (*), NANVEA* 5
DI MENSI ON | DA( *) , NAVEA( *) , X0( MAXROC)

C --- Return TOUGH2 value as initial guess
IF (1UGEQ1) THEN
I F (ANNO(1: 10). EQ ' TORTUCSI TY' ) THEN
DO 1000 | =1, | DA( MAXR)
CALL GETNVAT( NAVEA(|), NVAT)
IF (1 VLF. EQ 1) THEN
XX=TORT( NVAT)
ELSE | F (1 VLF. EQ 2) THEN
XX=LOGL0( TORT( NVAT) )
ELSE
XX=1. 0D0
XO( NVAT) =TORT( NVAT)
ENDI F
1000 CONTI NUE
ENDI F

C --- Update paraneter
ELSE I F (1U G EQ 2) THEN
C--- ldentify parameter by its annotation
I F (ANNQ( 1:10). EQ ' TORTUCSI TY') THEN
DO 1001 1 =1, | DA( MAXR)
C--- Obtain material identifier NVAT
CALL GETNVAT( NAMEA( 1), NVAT)
IF (I VLF. EQ 1) THEN
C--- Estimate is tortuosity val ue
TORT( NVAT) =XX
ELSE | F (I VLF. EQ 2) THEN
C--- Estimate is logarithmof tortuosity
TORT( NMVAT) =10. 0DO* * XX
ELSE
C--- Estimate is multiplication factor for initial tortuosity
TORT( NVAT) =X0( NVAT) * XX
ENDI F
1001 CONTI NUE
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ENDI F
ENDI F
END

LR R R R R R R R R R R R R R R R R R R R R I R R R R

Additional examples can be found in fileit2user.f .

See Also
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Command
>> USER (: anno)

Parent Command
> OBSERVATI ON

Subcommand

>>> CONNECTI ON
>>> ELEMENT
>>> MODEL

>>> SOURCE

Description

This command selects a user-specified observation type. This option enables a user to
introduce a new observation type, i.e., any type of data can be used for parameter estimation
by defining the corresponding model output which is a user-specified function of TOUGH2
variables. The user must program the function in subroutine USEROBS, file it2user f.
Identification of and details about the observation can be given in the iTOUGH2 input file and
will be transferred to subroutine USEROBS. The annotation anno (or a substring thereof)
will be available in subroutine USEROBS (variable ANNO); it can be used to identify the
observation type and data set. The significant part of the string should therefore not be
changed by subcommand >>>> ANNOTATI ON. Multiple grid block names or sink/source
code names defined by the appropriate third-level command will be transferred to the
subroutinein array GRI DA. The corresponding element numbers are stored in array NECA,
with | NEC pointing to the currently processed array index. Integer variables read after
command >>>> | NDEX are provided through array | OBSA. On output, subroutine
USEROBS returns the user-specified model result TRESULT.

The user must ensure that all TOUGH2 variables used by the function are transferred to
subroutine USERPAR via COMMON blocks. If avariableis not predefined in one of the
standard COMMON blocks, a new COMMON block must be created and added to the
include file usercom.inc.

The following is the header of subroutine USEROBS, describing the transfer variables. File
it2user.f must be recompiled before the user-specified observation becomes active.

EE R I I I R R R I R I I R I R I R R R I R I R R I R I I I

SUBROUTI NE USEROBS( | USER, | OBSA, GRI DA, NECA, | NEC, ANNO, TRESULT)

LR R R R R R R R R R R R R R R R R R R R R R R R R R R

* Provides TOUGH result for user-specified observation type *
* JUSER : Nunber of dataset (input) *
* |]OBSA : Array containing user specified IDs (input) *
* GRIDA : Array containing grid block nanes (input) *
* NECA : Array containing index of grid block or connection (input) *
* INEC : Current pointer to GRIDA and NECA, respectively (input) *
* ANNO : Annotation (input) *
* TRESULT: User-defined TOUGH2 result (output) *
kkhkkkhhkkhhkkhhkhhkhkkhkhkhhkhhkhhkhhkhhkhdhhhhkkhhkhhkhhkhdhkhdhhdhhkdhhkhhkhhkhdhkhdhkhdhhd hkdhkhdhkhd h* k*,**,**x*%
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Example

In this example the pressure difference measured between two pointsin alaboratory column
is defined as a user-specified observation. Two differential pressures are measured, referring
to the liquid and NAPL phase, respectively. TheiTOUGH2 input block and subroutine
USEROBS are given below. Variable | OBSA( MAXR- 2) holds the phase number.

> OBSERVATI ON

>> USER-speci fied observation type: Pres. D ff.

>>> di fference between ELEMENTs: A1112 A1152

>>>> ANNOTATI ON . Pres. Diff. aqueous phase
>>>> PHASE 2
>>>> DATA FI LE . dp_aqu. dat
>>>> DEVI ATI ON : 1000.0
<<<<
>>> difference between ELEMENTs: Al1112 Al1152
>>>> ANNOTATI ON . Pres. Diff. NAPL phase
>>>> NAPL PHASE
>>>> DATA FI LE . dp_napl . dat
>>>> DEVI ATI ON : 1000.0
<<<<

<<

khkhkkhhkkhhkhkhkdhdrhdhhkdhbdrdhhhkdhrdrhrrhkdbhrdrdhrrhkdbhrrkddrrrdbrdrddrdrrdrrkddrrxrdrrddrxddxxdx

SUBROUTI NE USEROBS( | USER, | OBSA, GRI DA, NECA, | NEC, ANNO, TRESULT)

LR R R R R R R R R R R R R R R R I O I R R R O R R R O

C3$$$$$$$$ PARAMETERS FOR SPECI FYI NG THE MAXI MUM PROBLEM S| ZE $$$$$$$$$$

| NCLUDE ' maxsi ze. i nc’

CH$$$$$$$$ COMMON BLOCKS FOR PRI MARY VARI ABLES $$$3$$$$3$$55$$555$553$5$

| NCLUDE ' primary.inc’

C$$$$$$$$$ COMMON BLOCK FOR SECONDARY VARI ABLES $$3$3$$$3$$55$$553$553$5$

C---

C---

I NCLUDE ' second. i nc’

I dentify observati on:

IF (ANNO(1:11).EQ ' Pres. Diff.’) THEN

Ref erence and capillary pressure of first element:
NEC=NECA( 1)
NLOC=( NEC- 1) * NK1
NLOC2=( NEC- 1) * NSEC* NEQL+( | OBSA( MAXR- 2) - 1) * NBK
PREF1=X( NLOC+1)
PCAP1=PAR( NLOC2+6)
P1=PREF1+PCAP1

- Reference and capillary pressure of second el ement:

NEC=NECA( 2)

NLOC=( NEC- 1) * NK1

NLOC2=( NEC- 1) * NSEC* NEQL+( | OBSA( MAXR- 2) - 1) * NBK
PREF2=X( NLOC+1)

PCAP2=PAR( NLOC2+6)

P2=PREF2+PCAP2

- Take the difference

TRESULT=P2- P1
ENDI F
END

See Also
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Command
>>>> USER

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

Observed data can be represented as a user-specified function of time. The function must be
coded into subroutine USERDATA, fileit2user.f. The following isthe header of subroutine
USERDATA, describing the transfer variables. Fileit2user.f must be recompiled before the
user-specified data definition becomes active.

EE R I I I I R I R I R R R I R R R R R I R I R R I R I R I R O

SUBROUTI NE USERDATA( | DF, TI ME, ANNO, F)

LR R R R R R R R R R R R R R R R R R R R R R R R R R R L

User specified function to represent observed data *
IDF : data set identifier (input) *
TIME: time at which data are to be provided (input) *
ANNO annot ation (input) *
F . value of observed data at tinme TIME (output) *

*

*
*
*
*
*
ER R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R O

Example
In this example an analytical solution is provided as data to be matched (see sample problem
8). Liquid saturation in response to aliquid pulseis calculated as a function of time and

location in subroutine USERDATA (see following page). Note that the Z-coordinate is
passed to USERDATA through the annotation.

> OBSERVATI ONS

>> LI QUI D SATURATI ON
>>> GRI D BLOCK : BP1_1
>>>> ANNOTATI ON : ANALYT. Z=0. 100
>>>> DEVI ATION : 0.002
>>>> anal ytical solution in USER-specified function
<

>>> GRI D BLOCK : BZ1_ 1
>>>> ANNOTATI ON : ANALYT. Z=0. 200
>>>> DEVI ATION : 0.002
>>>> anal ytical solution in USER-specified function
<
<
<<
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EE R I R I I R R I R I R R R I R R R R R I I R R S R I I O

SUBROUTI NE USERDATA( | DF, TI ME, ANNQ, F)
EE R S I I R S R S R I I S I I I R R R I A S S I R I R S R R I I R A A A I A R A I S A
* User specified function to represent observed data
* |DF : data set identifier (input)
* TIME: time at which data are to be provided (input)
* ANNO annotation (input)
* F . value of observed data at tinme TIME (output)
EIE I I R R R R I I I I I S R I R R R I I I S I I R S R R R I I I R R S R R I I I I A
C
C$35$35$5% PARAVETERS FOR SPECI FYI NG THE MAXI MUM PROBLEM S| ZE $3$33$3$%%
| NCLUDE ' maxsi ze. i nc’

*
*
*
*
*
*

C

CHF$5$$5$$S COMMON BLOCKS FOR SI MULATI ON PARANVETERS $$3$5335355355555555%%
| NCLUDE ' param i nc’

C

CHF$5$$5$$$ COMMON BLOCKS FOR ROCK PROPERTI ES $$35335335555P55P55555555%%
| NCLUDE '’ rock. i nc’

C

CPF$5$$5$$$S COMMON BLOCK FOR SECONDARY VARI ABLES $$35335335335555555555%%
| NCLUDE ' second. i nc’

C

CHF$5$$5$$S COMMON BLOCKS FOR TOTAL NMASS AND VOLUMES $35335355P55555555%%
| NCLUDE ' r masvol . i nc’

C

CH35$35$5$ COMMON BLOCKS FOR ELEMENTS $33355355553 55355535 E5P5535555%%
| NCLUDE ' el enents.inc’

CHARACTER ANNO* ( *)
SAVE A

F=0. 0DO
C --- Analytical solution 1D pul se

IF (1 CALL. EQ 1) A=CP(1,1)

I F (ANNQ(1:10). EQ " ANALYT. Z=") THEN
READ( ANNQ(11: 15)," (F5.3)", | OSTAT=I1CS) Z
V=PER( 3, 1) *PAR(4) * G-/ POR( 1) / PAR( 3)
Dl FF=A* PER( 3, 1) / POR( 1) / PAR( 3)
XMEXPVOLUO( 2) / POR( 1)
F=XM ( DSQRT( 4. 0D0* 3. 1416D0* DI FF* Tl ME) ) *

& DEXP( - ( Z- V* Tl ME) ** 2/ (4. 0DO* DI FF* TI ME) )
ENDI F
END
C --- END of USERDATA
See Also

>>>> DATA, >>>> POLYNOM

iTOUGH2 COMMAND REFERENCE 211 COMMANDS



Command
>>>> VALUE

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description

This command sel ects the estimation of the parameter value as opposed to its logarithm (see
command >>>> LOGARI THM ( p) ) or amultiplication factor (commands

>>>> FACTOR (p) or >>>> LOGF)).

Example
> PARAMETER
>> paranet er of RELATIVE perneability function
>>> MATERI AL: SAND1
>>>> estimate VALUE of

>>>> ANNOTATI ON : Resid. Lig. Sat.
>>>> PARAMETER no. : 1
<<<<
<<<
<<
See Also

>>>> FACTOR (p), >>>> LOGARI THM (p), >>>> LOG F)
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Command
>>>> VARI ANCE: sigma”2

Parent Command
any third-level command in block > PARAMETER and > OBSERVATI ON

Subcommand

Description
(see >>>> DEVI ATI ON (p/0))

Example
(see >>>> DEVI ATI ON (p/0))

See Also
>>>> DEVI ATI ON ( p/ o)
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Command
>>>> VARI ATI ON: sigma

Parent Command
any third-level command in block > PARAMETER

Subcommand

Description

This command specifies the expected variation o p; of aparameter. o P, is used to scale the
columns of the Jacobian matrix, yielding dimensi jonless and comparable sensmvny
coefficients. While the solution of the inverse problem is not affected by the choice of the
scaling factor, al the qualitative sensitivity measures are directly proportional to o n:

e . oz, 9p,
scaled sensitivity coefficient: S; :—'9in E—Ii
i 9z T

If no standard deviation (see >>>> DEVI ATI ON ( p) ) or parameter variation is specified,
the scaling factor is taken to be 10 % of the respective parameter value.

For sensitivity analyses, o p; €an be taken as the perturbation one would apply to study the
effect of the parameter on the modli ng result.

Example
> PARAMETER
>> PORCSI TY
>>> MATERI AL: FAULT
>>>> expected VAR ATION : 0.10
<<<<
<<<
>> ABSOLUTE perneability
>>> MATERI AL: FAULT
>>>> expected VARIATION : 1.0 (one order of magnitude)
<<<<

<<<
<<

> COVPUTATI ON
>> OPTI ON

>>> SENSI TI VI TY anal ysi s
<<<

<<

See Also
>>>> DEVI ATI ON (p)
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Command
>>> VERSI ON

Parent Command
>> OUTPUT

Subcommand

Description

This command prints version control statements at the end of the iTOUGH2 output file. The
same information is always written to the *.msg file. If making code modificationsitis
strongly suggested to update the version control statement at the beginning of each subroutine
or function.

Example
> COWVPUTATI ON
>> QUTPUT
>>> VERSI ON control statenents
<<
On output:
PROGRAM VERSI ON DATE COVMVENT
i TOUGH2 Current version iTOUGH V5.1 (NOVEMBER, 2002)
iTOUGH 1.0 1 AUGUST 1992 I TOUGH User’s Quide, Version 1.0, Report N B 92-99
i TOUGH2 2.2 1 FEBRUARY 1994 i TOUGH2 User’'s Quide, Version 2.2, Report LBL-34581
i TOUGH2 3.0 12 JuLy 1996 YMP Software qualification, Report LBNL-39489
i TOUGH2 3.1 1 APRI L 1997 i TQUGH2 Conmand Reference, Version 3.1, Report LBNL-40041
i TOUGH2 3.2 30 JUNE 1998 YMP Software Qualification, Report LBNL-42002
i TOUGH2 3.3 1 OCTOBER 1998 Parallelization using PYM Report LBNL-42261
i TOUGH2 4.0 19 JANUARY 1999 Rel eased by Energy Science and Technol ogy Software Center
i TOUGH2 5.0 31 JULY 2002 Qualified for use within Yucca Muntain Project
WHATCOM 1.0 10 AUGUST 1993 #35: Q@ WHAT COWUTER IS USED? A: LI NUX
CALLSIG 1.0 5 DECEMBER 1995 #112: SI GNAL HANDLER
CPUSEC 1.0 10 AUGUST 1993 #--: RETURNS CPU- TI ME (VERSI ON LI NUX)
OPENFI LE 4.0 19 JANUARY 1999 #31: OPENS MOST OF THE FI LES
LENGCS 1.0 1 MARCH 1992 #28: RETURNS LENGTH OF LI NE
PREC 1.0 1 AUGUST 1992 #86: CALCULATE MACH NE DEPENDENT CONSTANTS
| THEADER 3. 2 27 MAY 1998 #29: PRI NTS i TOUGH2 HEADER
DAYTIM 1.0 10 AUGUST 1993 #32: RETURNS DATE AND Tl ME (VERSI ON SUN)
THEADER 5.0 12 JULY 2002 #30: PRI NTS TOUGH2 HEADER
SOLVTYPE 1.0 1 OCTOBER 1999 I NI TI ALI ZE PARAMETERS FOR THE SOLVER PACKAGE
See Also
>>> UPDATE
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Command
>> VOLUME (phase_nane/ PHASE: i phase) ( CHANGE)

Parent Command
> OBSERVATI ON

Subcommand
>>> NMATERI AL
>>> MODEL

Description

This command selects as an observation type the total volume of phase iphase.

This observation type refers either to the entire model domain (command >>> MODEL), or
to the subdomain specified by alist of rock types (command >>> MATERI AL).

The phase name phase_name or phase number iphase, which depend on the EOS module
being used, are listed in the iTOUGH2 header. They can be specified either on the command
line or using the subcommand >>>> PHASE.

If keyword CHANGE is present, the change of the total volume since datainitialization is
computed. This option can be used, for example, to calculate the cumulative volumetric
liquid flow, which is equivalent to the change of the total gas volumein place.

Example
> OBSERVATI ON
>> CHANGE in total GAS VOLUVE
>>> entire MODEL
>>>> ANNOTATI ON: Cum vol. water flux
>>>> FACTOR : 1.0E-06 [m] - [n"3]
>>>> DATA [ DAYS]
. 00 0. 00
.10 245.16
.25 354. 84
.50 419.35
.00 470.97
.10 522.58
.50 539.35
.00 552.26
>>>> DEVIATION : 5.0 [ml]
<<<<
<<<
<<

WNNNPFPOOOO

See Also
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Command
>>> \WARNI NG

Parent Command
>> CONVERGE

Subcommand

Description

iTOUGH?2 checks the consistency of the TOUGH2 and iTOUGH2 input, printing error and
warning messages to the iTOUGH2 output file. The program stopsif an error or warning is
encountered. Command >>> WARNI NG makesiTOUGH?2 continue despite the occurrence
of awarning message.

It is strongly suggested to resolve all warning messages before continuing. Warning messages
should only be ignored if the reason for message is completely understood and deemed
harmless.

Example
> COVPUTATI ON
>> STOP
>>> don’'t stop because of WARNI NGS
<<
<<

See Also
>>> | NPUT
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Command
>>>> \\EI GHT: 1/ signa

Parent Command
any third-level command in block > PARAMETER and > OBSERVATI ON

Subcommand

Description
(see >>>> DEVI ATI ON (p/0))

Example
(see >>>> DEVI ATI ON (p/0))

See Also
>>>> DEVI ATI ON ( p/ o)
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Command
>>>> WNDOW tinme Atinme B (time_unit)

Parent Command
any third-level command in block > OBSERVATI ON

Subcommand

Description

The times at which the observed and cal culated system responses are compared are referred to
as calibration times. They are specified using command >> TI ME. The calibration times are
defined globally, i.e., thereis only one set of calibration timesand it is applied to all data sets.
Calibration times and observation times may be different; observed data are linearly
interpolated between adjacent data points to obtain a value at the calibration time.

In the standard case, the first data point is observed at or before the first calibration time, and
the last data point is observed at or after the last calibration time. This configuration ensures
that avalue for calibration is available or can be interpolated at every calibration point. The
standard situation is sketched in Figure (a) below, assuming that equally spaced calibration
times (dashed lines) have been defined, i.e., using the following command line:

>> TIMES: 7 EQUALLY SPACED

If, for some reason, only a subset of the available data can be used for calibration as shown in
Figure (b) below, the user must specify the time window between which data should be
processed: time A and time B are the lower and upper bounds of the window. Only onetime
window may be specified per data set. 1f more than one time window is required, new data
sets containing the same data must be generated and different time windows specified for each
data set. Thetime unitsof time_A and time_B can be specified using one of the time_unit
keywords.

If adata set does not contain data that extend over the entire range of calibration times,
iTOUGH?2 automatically adjusts the time window to coincide with the first and last data point
as shown in Figure (c). A warning message is printed, however, which can be avoided by
explicitly specify the time window.

If the specified time window is larger than the available data set, the value of thefirst and last
data point is horizontally extrapolated to time_A and time_B, respectively, asindicated in
Figure (d).

If timeis shifted, the time window must be given with reference to the time system of the
data, if command >>>> SHI FT Tl ME: tshift appearsbefore command

>>>> W NDOW Conversely, the window must be given in the shifted time system, if the
shift command appears after command >>>> W NDOW
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time

time B

A

time

---- calibrationtime

O datapoint

calibration point

— - = time window

> OBSERVATI ON

Example

: 7 EQUALLY spaced TIMES in [ M NUTES]

>>

5.0 35.0

>> PRESSURE

>>> ELEMENT: ZZ799

>>>> DATA [HOURS] on FILE: pres. dat

>>>> time WNDOW 299.0 901.0 [ SECONDS]

1. E3

>>>> DEVI ATI ON

<L

<<

See Also

>>>> SHI FT

>> TI ME,

COMMANDS
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NOMENCLATURE

a level of significance; (1-a) isconfidence level

Cpp Nxn covariance matrix of estimated parameters; C , = 5 (JTvz'ZlJ )_1

C, mxm apriori covariance matrix of measurement error,

Cs mxm aposteriori covariance matrix of predicted system response, C5; =JC ppJT
J mxn Jacobian matrix with elements J;; =z /op;

A Levenberg parameter

m number of calibration points

n number of parameters

v Marquardt parameter

p parameter vector (dimension n)

p* prior information vector (dimension n)

Po vector of initial parameter guesses (dimension n)

-

residual vector (dimension m) with elements r; = z; * -z (p)

o, apriori error variance
2 . . . s 1TV
o a posteriori or estimated error variance; s; = ——%—
m-n
S objective function, e.g., sum of squared weighted residuals
t time

V' mxm weighting matrix, where C, =a§ v,

X coordinate vector (dimension 3)

X TOUGH2 input parameter

Xo initial guess of TOUGH2 input parameter

z vector of observable variables (dimension m)

zZ* measurement vector (dimension m), including prior information

z predicted system response (dimension n)
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APPENDI X A: TOUGH2 Enhancements

Al. Introduction

The core of iTOUGH2 contains slightly modified versions of TOUGH2 modules. Most code
modifications are editorial and do not affect the simulation results. As a result, standard
TOUGH2 input files can be used in iTOUGH2, and identical results are obtained if
iTOUGHZ2 isrun in forward mode. However, a number of minor modifications have been
made as described in the following sections. These modifications should also be made in
new modules added to iTOUGH2.

A2. Printout Control (KDATA)

In standard TOUGHZ2, printout of simulation results is controlled by variables KDATA and
MCYPR in block PARAM.1, as well as by the additiona printout times Tl S given in
block TI MES. In iTOUGH2, the calibration times are also stored in array Tl S which
means that at each calibration time the amount of printout specified by variable KDATA
is written to the output file. This may make the TOUGH2 output file extremely long, and
requires unnecessary CPU time for disk writing, since the TOUGH2 output file is
overwritten each time anew TOUGH2 simulation isinitiated by iTOUGH2.

If a negative number is specified for variable KDATA, the amount of printout is reduced
(see Table A2.1), saving both disk space and CPU time. Recall that printout at the
caibration points is aways written to the iTOUGH2 plot file (see command
>>> FORMAT). Also, if a TOUGH2 run is terminated due to a convergence failure or
using command Ki t , the full output is automatically generated for the last time step.

Full output is always provided for the times specified in the TOUGH2 block TIMES; the

amount of printout is given by the absolute value of KDATA. The times provided in
TOUGH2 block TIMES can be in arbitrary order; they are sorted internally.

Table A2. Amount of Printout as a Function of Variable KDATA

-3 -2 -1 Printout of ... 1 2 3
- + + volume and mass balance + + +
- - + generation rates + + +
- - - most important variables + + +
- - - fluxes and velocities - + +
- - - primary variables - - +
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A3. Secondary Mesh (ELEM2, CONN2)

This enhancement was introduced especially for the estimation of a skin radius (see
command >> SKI N) or a MINC parameter (see command >> M NC), both requiring
that a new TOUGH2 mesh is generated automatically each iteration without user
interference. In order to achieve this, a primary mesh must be generated using the
MESHMAKER utility. Elements and connections of this primary mesh can then be
overwritten by a secondary mesh provided through blocks ELEM2 and CONNZ2, which
have the same format as blocks ELEME and CONNE, respectively. The names of the
elements and connections to be modified by the secondary mesh must be identical with the
corresponding ones of the primary mesh. |If a secondary mesh is specified, both blocks,
ELEM2 and CONN2, must be given; either of the two keywords may be followed by an
empty line to indicate that no modification is made.

Figure A3.1illustrates an application. A radial mesh is generated using MESHMAKER for
simulating a pump test. In block ELEM2, the volume of the first grid block is changed to
represent the actual interval volume. In block CONNZ2, the nodal distance from the first
element to the interface is reduced to a very small number as usually done for connections
to boundary elements. These last two modifications, which are usually made by editing the
mesh file, are now automatically performed whenever a new mesh is generated during an
iTOUGH2 run for the estimation of the skin radius.

MESHVAKER: - - - - A D * il BeF o feeii*o o B___*....6
Rz2D
RADI |
2 1
0. 000E+00 0. 100E+00
LOGAR
20 2 0.300E+00 0.100E- 01
L OGAR
80 3 1.000E+01
LAYER
1
0. 100E+01

I =Y T
Al 1 1 . 1250E+00

(0.0 V- Sy (R S T S Y
Al 1Al 2 1 . 1000E- 10 .5332E-02 . 6283E+00

Figure A3.1. Primary and secondary mesh generation.
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A4. Element-by-Element Permeability

Heterogeneity is introduced into TOUGH2 models by assigning a certain rock type, for
which material properties are defined in block ROCKS, to each grid block. The maximum
number of rock types one can specify is given by variable MAXROC (see file maxsize.inc).
For high resolution simulations of permeability heterogeneity, it is inconvenient to specify
hundreds of rock types, one for each grid block. TOUGH2 has been extended so that grid
block permeabilities or permeability modifiers can be directly specified in block ELEME,
columns 41-50. If a positive value is given, it is interpreted as absolute permeability; if a
negative value is provided, it is interpreted as a permesability modifier, i.e., a factor with
which the absolute permeability specified in block ROCKS is multiplied. The anisotropy
ratio as given in block ROCKS is preserved in both cases. Alternatively, the same
information can be provided through block INCON, columns 31-40. Four additional
parameters specific to agrid block can be provided in block INCON, columns 41-80.

Using a permeability modifier instead of permeability itself has the advantage that the
mean of the permeability field can easily be changed (or estimated) by adjusting parameter
PER( 1 SOT) inblock ROCKS.

The permeability or permeability modifiers are stored in array USERX( 1, N) , where N
is the grid block number, and additional parameters are stored in USERX(i, N) for
i =2...5. The second parameter, USERX( 2, N), is reserved for a factor scaling capillary
strength (see Appendix A6 for details). To write element-by-element parameters to file
SAVE, set MOP(13) tol

A5. User-Specified Boundary Conditions

In TOUGHZ2, Neumann boundary conditions are specified by introducing sinks and sources
in block GENER. Dirichlet boundary conditions can be implemented by assigning very
large volumes to grid blocks adjacent to the boundary so that the thermodynamic
conditions in those elements do not change from fluid and heat exchange with finite-size
grid blocks in the model domain.

Prescribed, but time-varying boundary conditions can be implemented by specifying
appropriate (large) sinks and sources in grid blocks having avery large volume. For ssmple
step changes, however, iTOUGH2 offers an aternative option (see command
>> RESTART TI ME). A third possibility is described in this section. The user can
provide values of the primary variables for selected elements as a function of time. The
function has to be programmed into subroutine USERBC, which can be found in file
it2user.f. In subroutine USERBC, the user has the possibility to provide the value of one or
more primary variables for selected elements as a function of time. For example, these
values can be calculated internally or read from afile. The header of subroutine USERBC
is shown in Figure A5.1. The element number N or element name CELEM can be used
to identify the boundary grid block. The user is supposed to return a value for one or
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severa of the primary variables through array X. In the example given below, a table of
time versus pressure data is read from file atm_pres.dat and assigned to element 'ATM 0’
using the linear interpolation function INTERP1. Note that either the full path to file
atm _pres.dat must be given, or the file must be copied to the temporary directory using
option -fi fil ename.

LR R R R R R R R R R R R R R R R R R R R R R R R R R R R I I R R R O T

SUBROUTI NE USERBC( N, CELEM VOLUNE, TI ME, X)
EE R S I I R S R I R I S I I I I I A I A S I S R R S R S I R S I I A A I S
* User specified boundary condition *
*  Set MOP(22).GE. 1 *
* MOP(22)=1 don’t call ECS *
* MOP(22) =2 call EOCS *
* Return user specified boundary condition (vector X) *
* for elenent CELEM at tine TIME and/or change the VOLUMVE of CELEM *
* *

EE R R O I I R R R I R I I R R R R I R R R R I R R R R I O I O

CHARACTER CELEM5
PARAVETER ( MDATA=5000)

DI MENSI ON X(*) , DTI ME( MDATA) , DVALUE( MDATA)
SAVE DTI ME, DVALUE, | READ

| F (CELEM EQ ' ATM 0’ ) THEN
C--- Read table froma file
| F (1 READ. EQ 0) THEN
| READ=I READ+1
OPEN( UNI T=39, FI LE=" at m pres. dat’, STATUS=" OLD )
I =0
1001 CONTI NUE
I =1 +1
READ( 39, *, END=1002) DTI ME(1), DVALUE( 1)
GOro 1001
1002 CONTI NUE
NDATA=I - 1
CLOSE( 39)
ENDI F
CALL | NTERP1( TI ME, X( 1), DTI ME, DVALUE, NDATA)
ENDI F

Figure A5.1. Subroutine USERBC for specifying time-dependent boundary conditions.

Subroutine USERBC is called only if MOP(22) isether 1or 2. If MOP(22) is2,the
EOS module is called after completion of a time step to ensure that the user-specified
thermodynamic conditions are updated. If MOP(22) is1, subroutine USERBC is called,
but no additional call to subroutine EOS is made. This allows one to make time-dependent
changes to TOUGH2 variables that are not primary variables, and that do not require a
recal culation of the thermodynamic state.
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A6. Relative Permeability and Capillary Pressure Functions

Subroutines RELP and PCAP provide the relative permeability and capillary pressure
functions, respectively (see Pruess [1987]). They are frequently modified to accommodate
particular needs. The user should therefore carefully check the functional form and
required parameters before selecting a certain curve through variable | RP and | CP,
respectively (see also command >>> CHARACTERI STI C).

The functions provided in this version include the three-phase curves used by the T2VOC
module [Falta et al., 1995]. Additional functions are provided as described in the
following subsections.

A6.1 Modified Brooks-Corey model

A modified version of the Brooks-Corey model [Luckner et al., 1989] has been
implemented. In order to prevent the capillary pressure from decreasing towards negative
infinity as the effective saturation approaches zero, a linear function is used for saturations
S below a certain value (S, +¢), where ¢ is asmall number. The slope of the linear
extrapolation is identical with the slope of the capillary pressure curve at S =S, +¢.
Alternatively, the capillary pressure is prevented from becoming more negative than

- pc,max :

The modified Brooks-Corey model isinvoked by setting both | RP and | CP to 10. The
model is described by the following set of equations (the input parameters are listed in
Table A6.1.1):

Sec k[ (A6.1.1a)
1- Src
— SI _Slrk

Pe==Pe(Sec) ! for §2(Spc+6) (A6.1.29)

-1/ -#
Pc = ~Pe _;rcg _%%E (SI = Sire _5) for § <(Syc +¢) (AB.1.2b)

Pc 2 ~ Pemax (A6.1.3)
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2+3A
kl’| :Sek A (A614a)

o o 2
Krg = @-Sq) %—sek A E (A6.1.4b)

Krg =1-ky (A6.1.4c)

Table A6.1.1. Input Parameters for Modified Brooks-Corey Model

Parameter Variable Description

| RP 10 select Brooks-Corey relative permeability model
RP( 1) Sk residud liquid saturation for relative permeability functions
RP( 2) Syr residual gas saturation
RP( 3) (flag) if zero, use (A6.1.4b), otherwise (A6.1.4c)
| CP 10 select Brooks-Corey capillary pressure model
CP(1) A pore size distribution index
CP(2) Pe gas entry pressure [Pa]
if CP(2) negativeand USERX( 1, N) non-zero, apply Leverett's
rule: pe = -CP(Z)\/ USERX (1, N)/PER(NMAT)
if USERX(2, N) positivethen p, = USERX(2, N)
if USERX(2, N) negativethen p, =-USERX(2,N) [CP(2)
CP( 3) g or if CP(3) =0then pgma =10, £ =-1
Pemax  1FO<CP(3) <1luselinear model (A6.1.2b) for § <SS, +¢
if CP(3) = 1,then po = CP(3),e=-1
CP(6) Sirc if zero, then Sirc = Sirk
Figure A6.1.1. Modified Brooks-Corey relative permeability and capillary pressure
Ccurves.
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A6.2 Modified van Genuchten model

A modified version of the van Genuchten model [Luckner et al., 1989] has been
implemented. In order to prevent the capillary pressure from decreasing towards negative
infinity as the effective saturation approaches zero, a linear function is used for saturations
S, below a certain value (S, +¢), where ¢ isasmall number. The slope of the linear
extrapolation is identical with the slope of the capillary pressure curve at § =S, +¢.
Alternatively, the capillary pressure is prevented from becoming more negative than

~ Pe,max -

The modified van Genuchten model is invoked by setting both | RP and |1 CP to 11.
The model is described by the following set of equations (the input parameters are listed in
Table A6.2.1):

S = S~ S (A.6.2.13)

1-Syc

S ~ Sk
S, =—*" Tk A.6.2.1b
o 1_Srk - Sgr ( )

S = —

' 1-S, (A.6.2.1¢)
Pe = _i[(sec)(y-l)/m _]]l/n for § =(S,.+¢) (A.6.2.29)

a

_%[Se(:*(y—l)/m _]]1’” -BUS -Sic—&) for S <(Syc+é) (A.6.2.2b)

with
: L -y S-n/m _q 1 grm
linear extension: B =- v -1 .
P anm(lsm[( J st
1 _ 1/n o _
Pc = _E[Sec*(y D _]] 1076875c7¢)  for S <(Syc té) (A.6.2.2c)
with
log-linear extension: [ = —log;y(€) mEy 1 E
o] . = J10 < S(l_y)/m 1F
Pc 2 ~Pc max (A.6.2.3)
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Kk = Sl D5y & %_ (1_ S ek(l—y)/m)“g2 (A.6.2.43)

kg = (- Sa ¥ [1— Sy m]zm (A.6.2.40)

or
Krg =1-ky (A.6.2.4c)

Figure A6.2.1. Maodified van Genuchten relative permeability and capillary pressure
CUrves.
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Table A6.2.1. Input Parameters for Modified van Genuchten Model

Parameter Variable

Description

Relative Permeability Function

| RP 11 select van Genuchten relative permeability model
RP( 1) S,k | residual liquid saturation for relative permeability functions,
if negative, S, =0 for calculating gas relative permeability, absolute
valueis used for calculating liquid relative permeability
RP( 2) Syr residual gas saturation
if negative, Sy, =0 for calculating liquid relative permeability, absolute
value is used for calculating gas relative permeability
RP( 3) (flag) |if zero, use (A.6.2.4b), if non-zero, use (A.6.2.4c)
RP( 4) n exponent in (A.6.2.4a)
RP( 5) Ex use linear function between k;, (S, =1-¢,) and 1.0.
RP( 6) as, | Constant fracture-matrix interaction reduction factor, in combination with
Active Fracture Model (see Sections A7 and A8)
RP(7) { exponent in (A.6.2.4b)
Capillary Pressure Function
| CP 11 select van Genuchten capillary pressure model
CP(1) n parameter related to pore size distribution index (see aso CP(4))
CP(2) 1a parameter related to gas entry pressure [Pa]
USERX( 2, N) >0 :1/a;=USERX( 2, N)
USERX( 2, N) <0 : 1/a;=USERX( 2, N) - CP( 2)
CP(2) <0: apply Leverett scaling rule:l/a; =1/a,g /K /K«
where:
1/0,¢ =| CP(2)|
K, = PER( NVAT)
USERX( 1, N) >0 : k;= USERX( 1, N)
USERX( 1, N) <O : k;= USERX( 1, N) - PER( NVAT)
CP( 3) g or |[CP(3)=0 : pgmax =10%, £=-1
Pemax | O<SCP(3) <1 : &=CP(3); uselinear extension (A.6.2.2b)
CP(3) 21 : pmax=CP(3),&e=-1
—1<CP( 3) <0 : £ =|CP( 3) | ; uselog-linear extension (A.6.2.2c)
CP(4) m if zero then m=1-1/CP(1), else m=CP(4) and n=1/(1-m)
CP(5) . if negative, | CP(5) | isreference temperature to account for temperature
dependence of capillary pressure due to changes in surface tension
CP(6) ) parameter of Active Fracture Model (see Sections A7 and A8)
CP(7) Sre | if zero, then 5 = S
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A7. Active Fracture Concept

There is evidence that only a portion of the connected fracture network conducts water
under unsaturated conditions. The fractures contributing to liquid flow are referred to as
“active fractures’. The Active Fracture Concept (AFC) was developed by Liu et al. [1998]
to describe gravity-dominated, non-equilibrium, preferential liquid flow in fractures, which
is expected to be similar to fingering in unsaturated porous media. AFC is based on the
hypothesis that (1) the number of active fractures is small compared with the total number
of connected fractures, (2) the number of active fractures within agrid block is large so that
the continuum approach is valid, and (3) the fraction of active fractures, f,, isrelated to
water flux and equals one for afully saturated system, and zero if the system is at residual
saturation. The following power function of effective liquid saturation, S, fulfills these
conditions:

f,=S (A7.1)
Here, ) isa positive constant depending on properties of the fracture network, and S; is
the effective liquid saturation given by

_S -5
Se= s S, (A7.2)

Capillary pressure and relative permeability functions are modified to account for the fact
that the effective saturation in the active fractures, S, is larger than the effective
saturation of the total fracture continuum:

Sea = % =s (A7.3)
a

Using the van Genuchten model, capillary pressure and liquid relative permeability are
given, respectively, by

_ 1/
D = —%[se(y pim_gJtr (A7.4)

and

—Ck @_ b_ Se(l—y)/m]mg (A75)

The fracture-matrix interface area reduction factor (see Section A8) is given by
agm =Se” (A7.6)

The AFC is invoked by selecting ) >0, which is provided as an additional parameter of
the standard van Genuchten model (I CP=7) through variable CP( 6, NMAT) . Fracture-
matrix interface area reduction is invoked by selecting | SOT between -10 and -12 (see
Table A8.1).
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A8. Reduction of Fracture-Matrix Interface Area

There is evidence that fracture-matrix interaction in the unsaturated zone is reduced as a
result of fracture coatings as well as preferential flow in the fractures as invoked by flow
instabilities (fingering) and small-scale heterogeneities. A number of options for reducing
fracture-matrix interface area have been implemented for use in a dua-permeability flow
simulation. Interface area reduction is applied to connections with a negative value for
variable | SOT, which is provided in the CONNE block. Different modifiers are used
depending onthevalueof | SOT and MOP(8) assummarizedin Table A8.1.

Table A8.1. Option for Reducing Fracture-Matrix Interface Area

| SOT MOP(8) Interface areareduction factor agy,
positive any No interface areareduction, i.e., asy, =1
negative 1 a, = RP(6,NMAT)
-1,-2,-3 0 am = Sp
2 agm = Sp [RP(6, NMAT)
-4,-5, -6 0 afm =K
2 agm = K g (RP(6, NMAT)
-7,-8,-9 0 aq, = RP(6, NMAT)
-10, -11, -12 0 ag, = St' (see Section A9)
am . Fracture-matrix interface area reduction factor.
Sp . For flow of phase 3, upstream saturation of phase [3.
K g . For flow of phase 3, upstream relative permeability of phase f3.
RP(6,NMAT) : 6th parameter of rel. perm. function of upstream element;

if zero (i.e., not specified), reset to one.
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A9. Excluding Domains From Global Material Balances

Domains with an element volume larger than 10?° m® or a negative rock grain specific heat
SPHT or with SPHT greater than 10* Jkg (C are excluded from global material balance
calculations. The absolute value of SPHT is used in the heat balance equation. Material
balances for individual rock types are available through iTOUGH2 commands >> TOTAL
MASS and >>> VOLUME.

A10. Free Drainage Boundary Condition

A free drainage boundary condition for liquid flow can be implemented, in which gravity is
the only driving force, i.e., (capillary) pressure pressure gradients are ignored across an
interface to the boundary gridblock. This type of boundary condition comes into effect at
each connection, in which one of the gridblocks belongs to rock type DRAIN.
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APPENDI X B: Command I ndex

> PARAMETER

>> ABSOLUTE PERVEABI LI TY
>> BOTTOVHOLE PRESSURE

>> CAPACI TY

>> CAPI LLARY PRESSURE FUNCTI ON
>> COWPRESSI BI LI TY

>> CONDUCTI VI TY (WET/ DRY)
>> DRI FT

>> ENTHALPY

>> FACTOR

>> FORCHHEI MER

>> QUESS (FILE: file_nane)
>> | FS

>> | NI TIAL (PRESSURE/ : i pv)
>> KLI NKENBERG

>> LAG

>> LI ST

>> M NC

>> PARALLEL PLATE

>> PORCSI TY

>> PRODUCTI VI TY | NDEX

>> PUWPI NG RATI O

>> RATE

>> RELATI VE PERVEABI LI TY FUNCTI ON
>> SCALE

>> SELEC

>> SHI FT

>> SKIN

>> TI ME

>> USER (: anno)

>>> DEFAULT
>>> LI ST

>>> MATERI AL: mat _nane (mat_name_i...)

>>> MODEL
>>> NONE

>>> ROCK: mat _name (mat_nanme_i...)

>>> SET: i set

>>> S| NK: sink_nanme (sink_nanme_i
>>> SOURCE: source_nane (source_nhane_i

(+ iplus)

(+ iplus)

...) (+ iplus)

(+ iplus)

iTOUGH2 COMMAND REFERENCE 237

COMMAND INDEX



>>>> ANNOTATI ON:  anno
>>>> BOUND: | ower upper
>>>> DEVI ATION: sigma

>>>> FACTOR

>>>> GAUSS

>>>> GQUESS: guess

>>>> | NDEX: index (index_i ...)
>>>> LOGARI THM

>>>> LOGE F)

>>>> NORMAL

>>>> PARAMETER: index (index_ i ...)

>>>> PERTURB: (-)al pha (%
>>>> PRIOR prior_info
>>>> RANGE: | ower upper
>>>> STEP: max_step

>>>> UNI FORM

>>>> VALUE

>>>> VARI ANCE: sigma’2
>>>> VARI ATI ON: sigma
>>>> \\EI GHT: 1/ signa

> OBSERVATI ON

>> CONCENTRATI ON (conp_nane/ COVPONENT: i conp)
(phase_nane/ PHASE: i phase)
>> CONTENT (phase_nane/ PHASE: i phase)
>> COVARI ANCE (FILE: fil enane)
>> CUMULATI VE (conp_name/ COMPONENT: i conp)
(phase_nane/ PHASE: i phase)
>> DRAVWDOWN ( phase_nane/ PHASE: i phase)
>> ENTHALPY (phase_nane/ PHASE: i phase)
>> FLOW ( phase_nanme/ PHASE: i phase/ HEAT)
>> GENERATI ON (conp_name/ COMPONENT: i conp)
(phase_nane/ PHASE: i phase)
>> MASS FRACTI ON (conp_nane/ COVPONENT: i conp)
(phase_nane/ PHASE: i phase)
>> MOMENT (Fl RST/ SECOND) (X! Y/ 2)

(conp_name/ COMPONENT: i conp) (phase_name/ PHASE: i phase)
>> PRESSURE ( CAPI LLARY) (phase_name/ PHASE: i phase)
>> PRODUCTI ON (conp_namne/ COMPONENT: i conp)

(phase_nane/ PHASE: i phase)
>> RESTART TIME: ntime (time_unit) (NEW
>> SATURATI ON ( phase_nane/ PHASE: i phase)
>> SECONDARY (phase_name/ PHASE: iphase) (: ipar)
>> TEMPERATURE
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>>
>>

>>
>>

TIME: nti
TOTAL MASS (conp_nane/ COVPONENT: i conp)
(phase_nane/ PHASE: i phase) (CHANCE)

USER (:

me (EQUAL/ LOGARI THM C) (time_unit)

anno)

VOLUME (phase_nane/ PHASE: i phase) ( CHANGE)

>>> CONNECTION: elenl elen? (elemi elem]

>>>
>>>
>>>

>>>
>>>
>>>
>>>

(++/ +-/-+ iplus)

ELEMENT: elem (elemi ...) (+ iplus)

GRI D

BLOCK: elem (elemi ...) (+ iplus)

| NTERFACE: elenl elen2 (elemi elem]j

(++/ +-/-+ iplus)

MODEL

NONE

SINK: sink_name (sink_namei ...) (+ ipl
SOURCE: source_nane (source_nanei ...)
>>>> ABSOLUTE

>>>> ANNOTATI ON:  anno

>>>> AUTO

>>>> AVERAGE ( VOLUME)

>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>
>>>>

COLUWN: itime idata (istd_dev)
COVPONENT conp_nane/ : i conp
DATA (time_unit) (FILE file_nane)
DEVI ATI ON: si gma

FACTOR factor

FORMAT: f or mat

HEADER: nski p

I NDEX: index (index_i ...)
LOGARI THM

MEAN ( VOLUVE)

PARAMVETER: i ndex (index_ i ...)
PHASE phase_nane/: i phase

Pl CK: npi ck

PCLYNOM idegree (tine_unit)

RELATI VE: rel _err (9%

SET: i set

SHI FT: shift (TIME (time_unit))
SKI P: nskip

SUM

USER

VARI ANCE: si gnma”2

VEEI GHT: 1/sigma
WNDOW time Atine B (time_unit)

-)

us)
(+ iplus)
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> COVPUTATI ON

>> CONVERGE/ STOP/ TOLERANCE

>>> ADJUST
>>> CONSECUTI VE: max_iterl
>>> DELTFACT: deltfact
>>> DI RECT
>>> FORWARD
>>> | NCOWPLETE: max_i nconpl et e
>>> | NPUT
>>> | TERATION: max_iter
>>> |LEVENBERG | anbda
>>> LI ST
>>> MARQUARDT: nue
>>> REDUCTI ON: max_r ed
>>> S| MULATI ON:  nt ough?2
>>> STEP: nmax_step
>>> UPHI LL: max_uphil |l
>>> WARNI NG
>> ERROR
>>> ALPHA: al pha (%
>>> EMPI RI CAL ( MATRI X: ndi m(i TOUGH2)) ( CORRELATI ON)
>>> F| SHER
>>> FOSM ( MATRI X: ndi m(i TOUGH2)) ( CORRELATI ON) ( DI AGONAL)
>>> HESSI| AN
>>> LATI N HYPERCUBE ( CORRELATI ON COVARI ANCE) (DI AGONAL)
( MATRI X: ndi m(i TOUGH2) )
>>> LINEARITY (: al pha (%)
>>> LI ST
>>> MONTE CARLO ( SEED: iseed) (GENERATE) (CLASS: ncl ass)
>>> POSTERI ORI
>>> PRI ORl
>>> TAU: (-)niter
>> JACCBI AN
>>> CENTER
>>> FORWARD (: iswitch)
>>> HESSI| AN
>>> LI ST
>>> PERTURB : (-)perturb (%
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>> OPTI ON
>>> ANDREWS: c
>>> ANNEAL
>>>> | TERATION: nmax_iter
>>>> SCHEDULE: beta
>>>> STEP: max_step
>>>> TEMPERATURE: (-)tenpO

>>> CAUCHY
>>> DESI GN
>>> DI RECT
>>> FORWARD
>>> GRID SEARCH (: ninvall (ninval 2 (inval 3))
FILE: filenanme) (UNSORTED)
>>> GAUSS- NEWTON
>>> L1- ESTI MATOR
>>> |LEAST- SQUARE
>>> LEVENBERG MARQUARDT
>>> OBJECTI VE (: ninvall (ninval2 (inval 3))
FILE: filename) (UNSORTED)
>>> PVM nhosts (JACOBI AN SLEEP: i sl eep)
>>> QUADRATI C- LI NEAR: c
>>> SELECT
>>>> CORRELATION:. (-)rcorr
>>>> | TERATION: niter
>>>> SENSITIVITY: (-)rsens
>>> S| MPLEX
>>> SENSI TIVITY
>>> STEADY- STATE (SAVE) (: nmax_time_step)

>> QUTPUT
>>> BENCHVARK
>>> CHARACTERI STI C
>>> COVARI ANCE
>>> FORMAT: format (LIST)
>>> | NDEX
>>> JACOBI AN
>>> OBJECTI VE
>>> PERFORMANCE
>>> PLOTFI LE: format (LIST)
>>> PLOTTING niter
>>> SENSI TI VI TY
>>> time_unit (SEC/ M NUTE/ HOUR/ DAY/ WEEK/ MONTH' YEAR/ DATE)
>>> RES| DUAL
>>> VERSI| ON
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